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PREFACE 


There has been a rapid growth in nuclear science and technology during 
the past decade. To bring this about, many scientists and engineers have 
pooled their various disciplines and experiences to develop what in many 
cases have been new and strange gadgets and techniques. Many more 
technical personnel will be joining this effort in the future. 

The detection of nuclear radiation is involved to a certain extent in all 
nuclear science and technology. While only a few people are called upon 
to develop new detection methods and equipment, many are continually 
faced with the application of existing techniques to their own problems. 
Still a larger group are indirectly but still intimately connected with 
nuclear-radiation detection because their own responsibilities depend on 
the correct measurement of nuclear radiation by others. 

In this book the attempt has been made to collect the basic information 
on all the important nuclear-radiation detectors in use today. Included 
with the description of the detectors 1s sufficient specific information on 
applications to enable the reader to select his own detection equipment 
and, in many cases, to apply it. 

Practically all the detection equipment which is discussed in this book 
is available from commercial sources; the reader is referred to a very com- 
prehensive buyers’ guide published annually by Nucleonics magazine. 
Nevertheless, sufficient emphasis has been given to the principles on which 
the detection systems depend that the book should also prove useful to the 
reader who desires to design his own equipment. 

This book was developed for use in the Nucleonics Instrumentation 
Course at the Air Force Institute of Technology. This course is given to 
Air Force officers enrolled in the Nuclear Engineering Curriculum at that 
Institute. It is hoped that this book will be useful to future students 
planning to enter the very fascinating field of nuclear science and tech- 
nology as well as to many of the engineers and scientists presently engaged 
in these activities. 

The author would like to express his thanks for the kind permission to 
use illustrations and data which has been given to him by many editors 
and scientists. The author would also like to express deep gratitude to his 
colleagues and students who have helped in various ways in the prepara- 
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tion of this book, to W. H. Jordan of Oak Ridge National Laboratory who 
read an earlier manuscript and offered many valuable criticisms and 
suggestions, to Miss Beulah McCray and others for their painstaking 
efforts in typing the manuscript, and to his wife, Betty N. Price, for her 
encouragement and able assistance. 


William J. Price 
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CHAPTER 1 


PROPERTIES OF NUCLEAR RADIATION 


The study of nuclear-radiation detection requires an understanding of 
the interaction of radiation with matter. This first chapter covers the es- 
sential aspects of that subject. 

Nuclear radiation emanates from systems undergoing nuclear trans- 
formations, from particle accelerators, and as cosmic rays from outer space. 
This emanation includes subatomic and atomic particles as well as X and 
gamma, rays. In Table 1-1 the common types of nuclear radiations are 
listed, along with several of their more important properties. 

There are several obvious omissions from Table 1-1. One js the long list 


TABLE 1-1. Some CHARACTERISTICS OF NUCLEAR RADIATION 


Approximate 
Type of Particle Symbol Charge rest mass Rest mass, 
(relative) (relative) amu 
Neutron. . n 0 1 1.008982 
Proton. . RR Leice erties eA ets ey p 1 1 1.007593 
Deuteron.. Gait Ie bsaicale eens a d ] 2 2.014187 
Triton. tei Sunarat itech eased t 1 3 3.01645 
Alpha particle. . gash deacen 4k a 2 4 4.002777 
Positron*. . ..| Btyet 1 1/1,840 0.000549 
Electrons or bete: particles B-, e7 —1 1/1,840 0.000549 
pmeson............ eee ub +1 210/1,840 0.115 
= meson. ; r +1 276/1,840 0.152 
Gaintia Pay oii scnc oceninceen ¥ 
MTAV 15584 ere e buen anh eteed xX 
NG@UUFING §4.. 50 oe Sek eam eee y 0 Small or zero ? 
Fission fragments, average light . hae ~20 ~95 
Fission fragments, average heavy! .... . ~22 ~139 


* The first symbol is used when the radiations are emitted from nuclei; this is some- 
times referred to as beta-plus emission. The second symbol refers to the same particles 
when they occur in other connections. 

t The term beta minus and the symbol 8 refer to electrons emitted from nuclei; 
usually these are called simply beta (8) particles. 

t Gamma and X rays differ only in their origins; the former originate in the nucleus 
while the latter do not. 
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of particles of a more transient nature, such as neutral x mesons, 7 mesons, 
x mesons, and V particles. A discussion of the properties of these particles 
is beyond the scope of this book. However, the detection of this class of 
radiation is based on the principles covered in this text. Of the particles 
with atomic number greater than 2, only fission products are entered in 
Table 1-1. The omissions include those heavy particles which are given 
energy in modern particle accelerators and which are found as components 
of cosmic radiation. 

The nature of the interactions with matter varies between the different 
types of nuclear radiation. In this discussion certain types are taken as 
prototypes and are discussed in detail. The properties of other types of 
radiation are then obtained from those of the prototype to which they are 
the most similar. The criteria for determining similarity are primarily 
charge and mass when the interest is in such properties as absorption. 
However, one should not overlook the fact that particles belonging to a 
given prototype may differ greatly in such important properties as spin and 
magnetic moment. 

The radiations which have been selected here for the prototypes are 
alpha particles, fission fragments, electrons, gamma rays, and neutrons. 


PROPERTIES OF ALPHA PARTICLES 
1-1. Alpha Particles as a Prototype 


The rate of energy loss of charged particles in passing through matter is 
shown in the next section to depend on the mass and the charge of particles. 
In the group of particle types consisting of alphas, tritons, deuterons, and 
protons, the masses differ by no more than a factor of 4, and the charges 
differ only by a factor of 2. Consequently, the ranges of these several 
particles can be related accurately. In addition, mesons may be included 
in this group; however, the large mass differences decrease the accuracy of 
the relationships. 

Over a period of many years, extensive measurements have been made of 
alpha-particle ranges. These particles are emitted by radioactive nuclei 
and were among the first radiation types available. The energy with which 
these particles are emitted is dependent on the radioactive species, ranging 
up to about 10 Mev. In addition, alpha particles can be accelerated in 
several types of particle accelerators and are available with energies up to 
several hundred Mev. 


1-2. Absorption of Alpha Particles 


When alpha particles pass through absorbers, they lose energy by excita- 
tion and ionization of the absorber atoms. The mechanism which is mainly 
responsible for this energy loss is the interaction of the Coulomb fields of 
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the particle with those of the bound electrons of the absorber. Because of 
the relative masses of the particles involved, the deflections of the alpha 
particles are negligible. 

Two other processes occur by which alpha particles can be absorbed or 
removed from a beam of collimated alpha particles. These are nuclear 
transmutation and scattering by atomic nuclei. However, the contribution 
of these processes to the attenuation of a beam of alpha particles is negli- 
gible compared with that of the excitation and ionization processes. 

Calculations of the charged-particle energy loss due to ionization and 
excitation have been made by Livingston and Bethe [1]. The energy loss 
per unit path, dE/dx, is known as the stopping power of the material. It 
can be expressed as 


42 
es _ 4retz2ZNB ay 


mv* 


where E, ze, and v = kinetic energy, charge, velocity, respectively, of pri- 
mary particle 
N = no. of absorber atoms per cm? 
Z = atomic no. of absorber 
B = stopping number 
The symbols e and m have the usual meanings of the electronic charge and 
the electronic mass, respectively. 

The stopping number B is a logarithmic function of v and Z in the non- 
relativistic energy range. Therefore, in this range, dE/dx depends on the 
particle velocity primarily through the 1/v? term. The increase in the rate 
of energy loss with the decrease in velocity is to be expected because of the 
increase in the time required for the alpha particle to pass the bound elec- 
trons; this results in a larger impulse on the electrons and a larger prob- 
ability for excitation and ionization. 

Equation (1-1) breaks down for alpha particles when energies as low as 
0.1 Mev are reached. This breakdown occurs because the velocity of the 
particles becomes so low that their charges fluctuate, owing to the alternate 
capture and loss of electrons. There is no theoretical expression for dE/dx 
in this region. 

The dependence of the rate of energy loss on the atomic number of the 
absorber is primarily through the term outside the logarithmic function B. 
Thus, for a constant velocity, dE/dx is nearly proportional to NZ, the elec- 
tron density in the absorber. 

In the relativistic range of particle energy, dE/dx passes through a mini- 
mum which is followed by a slow increase with increasing particle energy. 
This is illustrated in Fig. 1-1, where the energy loss per centimeter of path 
in air is plotted for several particle types over a wide range of energy. 

The status of the investigations of the stopping power of various materials 
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has been reviewed by Allison and Warshaw [2]. The review contains values 
of dE /dz in several solids and gases; data for alpha particles and a number 
of similar particles are included. 

The absorption of alpha particles may be studied experimentally by 
measuring the number of ion pairs produced per unit path length; this 
quantity is known as the specific ionization. The energy loss is related to 
the ionization through the quantity w which is the ratio of the energy lost 
by a charged particle to the total ionization produced by it. Values of w 
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Fia. 1-1. Specific energy loss of various particles in air as a 
function of energy. [From A. Betser, Revs. Mod. Phys., 
24:273 (1952).] 


have been found to depend on a number of factors, including the absorber 
material, particle type, and particle energy. This dependence has been 
reviewed by Uehling [3]. However, all values for gases appear to lie in a 
range from about 25 to 50 ev per ion pair. A number of different values of 
w for various conditions are collected in Table 1-2. An additional compila- 
tion of values of w appears in the review article by Bethe and Ashkin [4]. 
For condensed media, w is about 5 ev per ion pair. 

The energy loss by a particle in the production of an ion pair in @ gas is 
considerably in excess of that required only to ionize the atom. The addi- 
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TABLE 1-2. ENERGY Loss PER Ion Parr* 





Gas wW, eV Particle Energy, Mev 
ALB we uieada ie cae ieked eae ek 32.0T Electron >0.3 
PIE eta eeet ce ents 36.0 Proton 2.5-7.5 
AM twcienyatihcasmou eel 2d0s) Alpha 7.8 
BM its coe ca ae ee he 35.6 Alpha 5.3 
Hydrogen............... 36.0 Alpha 5.3 
Helium................. 31.0 Alpha 5.3 


* From L. H. Gray, Proc. Cambridge Phil. Soc., 40:72 (1944). 

t The recommendation that w be taken as 34 ev is made in the 
publication Report of the International Commission on Radiological 
Units and Measurements (ICRU) 1956, Natl. Bur. Standards (U.S.) 
Handbook 62, 1957. 


tional energy goes into the dissociation of the gas molecules and the excita- 
tion of the atoms and molecules. 


Example 1-1. Compute the charge of either sign which is released in an air ionization 
chamber by a 5-Mev alpha particle if it dissipates its entire energy in the air of the 
chamber. 

Solution. The total number of ion pairs produced is 


E 5X10 


w 35.6 
The value of w given in Table 1-2 for 5.3-Mev alpha particles has been used. The charge 
which is released is 


“ = (1.41 X 10%) (1.60 X 10-9) = (2.25 X 10-") coulomb 


= (1.41 X 10°) ion pairs 


A plot of the specific ionization versus the particle energy is known as the 
Bragg curve. Figure 1-2 is a Bragg curve for alpha particles. In this 


7x10* 
6 x104 

E 5x104 

~ 

C 4x104 

*S 

a. 

§ 3x10* 
2 x10* 
1x10 

O 
O j 2 3 4 5 6 
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Fig. 1-2. Bragg curve for specific ionization in air at 15°C 
and 760 mm Hg. 
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curve the residual range of the particles in air is used as a measure of the 
particle energy. 


1-3. Range of Alpha Paritcles 


Alpha particles which are initially monoenergetic all are found to travel 
nearly the same distance in a given medium before coming to rest. This 
can be studied experimentally through the use of a collimated beam of 
alpha particles from a thin radioactive source. A thin source is one in which 
the loss of energy within the source is negligible. Measurements of the 
number of particles reaching a given distance versus the distance result in 
curves similar to those in Fig. 1-3. The ordinate of the integral curve is the 


Differential 
curve, thin 
source 


Integral curve 
thin source 


Intensity of alpha particles 





A - distance from source 8 >| 





k,- extropolated 
ronge 
Fio- mean range 


Fig. 1-3. Integral and differential range-distribution curves 
for alpha particles. 


number of alpha particles per unit time which travel the distance R from 
the source or farther. The ordinate of the differential curve multiplied by 
dR is the number per unit time which have paths ending between the dis- 
tances # and R + dR from the source. The differential curve is Gaussian 
in form, with its maximum occurring at the mean range Rp of the particles. 
The range i, which is obtained from the integral curve by a straight-line 
extrapolation from the point on the curve determined by Ro, is known as 
the extrapolated range. 

The variation in the ranges of monoenergetic particles arises because of 
the statistical nature of the process by which the particles lose their ener- 
gies. The energy loss occurs in a large but finite number of events. There 
are fluctuations in both the energy lost per event and the number of events 
per unit path length. Consequently there is a statistical fluctuation in the 
range of the particles. 

The difference between the extrapolated and the mean ranges is referred 


= — eee ee eee ae i A 


PROPERTIES OF NUCLEAR RADIATION 7 


to as the straggling and is designated as 6. The straggling amounts to about 
1 per cent of the total range for 5-Mev alpha particles {3). 

Extensive measurements have been made of the range-energy relation- 
ship of alpha particles in air. These results are commonly expressed with 
the normal conditions of temperature and pressure taken as 15°C and 760 
mm Hg, respectively. Figures 1-4 and 1-5 show these relationships for 
the energy ranges of 0 to 8 Mev and 8 to 15 Mev, respectively. 


Energy, Mev (curve IL) 
40 45 50 55 60 65 70 7.5 80 





Range, cm (curve I) 
wn 
on 
oO 

Ronge, cm (curve II) 


0 O5 10 15 20 25 30 35 40 
Energy, Mev (curve I) 


Fig. 1-4. Range-energy curves for alpha particles in air 
(15°C, 760 mm); energy range, 0 to 8 Mev. (From H. A. 
Bethe, U.S. Atomic Energy Comm. Document BNL-T-7, 
1949.) 


Empirical equations have been developed to relate the range in air and 
the energy of alpha particles. One such equation which fits with fair 
accuracy in the range from 4 to 7 Mev is 


R = 0.309E%* (1-2) 
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where R is the mean range in centimeters at normal conditions and E is 
the alpha-particle energy in Mev. At lower energies the dependence on 
energy is more nearly proportional to E%, while at higher energies an E? 
dependence fits better. 
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Fic. 1-5. Range-energy curves for alpha particles in air 
(15°C, 760 mm); energy range, 8 to 15 Mev. (From H. A. 
Bethe, U.S. Atomic Energy Comm. Document BNL-T-7, 
1949.) 


1-4. Absorption in Substances Other Than Atr 


Extensive studies, both experimental and theoretical, have been made of 
the range-energy relationships of heavy particles in a variety of substances. 
Taylor [6] has reviewed the status of these investigations. 

The range of heavy particles in materials other than air can be calculated 
through the use of the theoretical formula of Livingston and Bethe [1]. 
An extensive compilation of such curves has been made by Aron, Hoffman, 


and Williams [7]. More recently, Rich and Madey [8] have extended this 
work. 
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An empirical formula which allows the calculation of the range Ra of 
alpha particles in a material of atomic weight A is 


Ra(mg/cm?) = 0.56R(cm)A* (1-3) 


where F is the range, expressed in centimeters, of the alpha particle in air 
at 15°C and 760 mm Hg. The range in the material, expressed in centime- 
ters, is obtained by dividing Ru by 10%, where p is the density of the mate- 
rial in grams per cubic centimeter. Table 1-3 contains a comparison of the 
values of Aron, Hoffman, and Williams and those calculated from Eq. (1-3). 
It is seen that the agreement is reasonably good, particularly below 10 Mev. 


TABLE 1-3. RaNGE oF ALPHA PARTICLES IN VARIOUS SUBSTANCES 





Range in Range in Range in Range in 
Range Energy| Al, mg/cm? Cu, mg/cm? | Ag, mg/cm* | Pb, mg/cm? 
in air, in |__| | —_—_q_|_—_ 
cm Mev | Eq. Ref. | Eq. Ref. Eq. Ref. Eq. Ref. 
(1-3) 7 (1-3) 7 (1-3) 7 (1-3) 7 
1 2 1.7 1.5 221 wsce% DO atte 3.3 3.7 
2 3.5 3.4 3.1 ror B41) beens 6.6 6.7 
5 6.3 8.4 7H} 11.2; 10.4] 13.4) 11.5) 16.6) 18.0 
10 9.7 17 14.8{ 22 20.2| 27 24.3| 33 34.5 
100 37 168 140 224 185 268 220 332 303 
1,000 132 {1,680 {1,400 (2,240 /|1,700 /2,680 {2,000 (3,320 {2,500 


Example 1-2. Calculate the minimum energy which an alpha particle can have and 
still be counted with a Geiger-Miiller tube if the tube window is stainless steel with 
2-mg/cm? thickness. 

Solution. To be counted, the particle must pass through the tube window. Substi- 
tuting 56 as the effective atomic weight of steel into Eq. (1-3), the range of the alpha 
particle in air at standard temperature and pressure is 


Ra 2 
Hem) = 0 564% ~ (0.56)(66)% ~ °°4em 
This range is seen by Fig. 1-4 to be that of a 1.9-Mev alpha particle. 


The ranges of particles in various materials can be related to those in air 
through the concept of relative stopping power. The relative stopping 
power S of a material is the ratio of its stopping power to that of air. The 
stopping power may be expressed either as the energy loss per unit path 
length or as the energy loss per unit of thickness expressed in mass per unit 
area. The corresponding relative stopping powers are designated as the 
relative linear stopping power S, and the relative mass stopping power Sa, 
respectively. The average values of S; and S,, are listed in Table 1-4 for 
several metals at different alpha-particle energies. Again the range data on 
which this table is based are those of Aron, Hoffman, and Williams [7]. 
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It is seen that these quantities are dependent on energy and consequently 
can yield only a very approximate answer unless this energy dependence is 
taken into account. 

It is seen from the values of relative mass stopping power presented in 


TABLE 1—4. RELATIVE Stoppina Powers or VARIOUS SUBSTANCES FOR 
ALPHA PARTICLES 


. Aluminum Copper Lead 
Particle Range p = 2.7 g/cm? p = 8.9 g/cm? p = 11.0 g/cm? 
energy, in air, ss 

Mev cm Si S- Ss Som 
2.0° 1 eae sie 2,900 0.32 
6.3 5 4,300 0.58 3,050 0.33 
9.7 10 4,400 0.59 3,200 0.35 

37 100 4,800 0.65 3,600 0.39 





Table 1-4 that the energy loss per unit of thickness expressed in mass per 
unit area decreases with an increase in the atomic number of the absorber. 
This decrease in the absorption is due largely to the increase in the average 
binding energy of the orbital electrons and shows up as a decrease in B in 
Eq. (1-1). An additional factor is the decrease in the number of orbital 
electrons per unit mass of the absorber. 


Example 1-3. Compute the range of a 6-Mev alpha particle in lead. 

Solution. By Fig. 1-4, a 6-Mev alpha particle has a range of 4.66 cm in air. By 
Table 1-4, the value of Sz for a 6.3-Mev alpha in lead is 3,050. Therefore, the range of 
the particle in lead is 
Rais 4.66 


SL = 3.050 = (1.5 xX 10-*) cm 





Rep = 


1-5. Scaling Laws for Ranges of Similar Particles 


When the range-energy relationship is known for one type of particle in a 
given substance, it is possible to calculate the corresponding relationship 
for a different type of particle in the same substance. This calculation is 
made possible by the form of Eq. (1-1). The distance R,y(E; — E,) which 
a particle of mass M and charge ze travels while its energy decreases from 
E, to E, 18 
BE, %) 

dE —= Mm v® dv 

dE/dx 4xe'z?ZN} Biv) 

where Eq. (1-1) has been used along with the relationship E = Mv?/2. If 
the final velocity v, is taken as zero, one can write 


R.u(v) = MzF(v) (1-5) 


Riu (Ei —? E2) = (1-4) 


PROPERTIES OF NUCLEAR RADIATION 11 


where F’(v) is essentially the integral in Eq. (1-4) evaluated between the 
limits 0 tov. Equation (1-5) states that for different types of fast particles 
in a given absorber the range depends only upon the particle speed, its mass 
M, and its charge z. 

By using Eq. (1-5), one can relate R,(v), the range of a proton of velocity 
v, to R,(v), the range of an alpha particle of the same velocity; that is, 


Wes 





R,(v) = 


where the constant C must be used to sie account of the capture and loss 
of electrons at low energy. Although the constant C is small, it is not zero, 
because alpha particles are affected differently from protons. For air at 
normal temperature and pressure, C’ has been found experimentally to be 
0.20 cm when the energy is greater than about 500 kev. It gradually 
decreases to 0.02 cm at 6.7 kev [9]. Thus, for air at energies above 500 kev, 


R,(v) = 1.007R,(v) — 0.20 cm (1-7) 


Since for equal velocities the energies are related in the nonrelativistic 
case by E, = E.M,/M.a, one can write 


R,(E) = 1.007R,(3.972E) — 0.20cm (1-8) 


where R,(3.972E) means the range of the alpha particle evaluated at 
3.972E. 

The range-energy relationship for a particle of a given z can be obtained 
readily from that of a particle of different type but the same z. Since the 
capture and loss of electrons near the end of the range are the same for both 
types of particles, the correction term C' disappears. Therefore the range 
of a particle of mass M can be calculated from that of mass M. when the 
charge is the same by the relationship 


Ra(v) — (1-6) 


Reu(B) = 47 Ras(E" (1-9) 


where E’ = EM,/M. 

The range of deuterons in air is shown in Fig. 1-6 for a large energy range. 
Through the use of Figs. 1-4 to 1-6 along with the scaling laws and the 
information in Sec. 1-4, it is possible to calculate the range-energy relation- 
ships for a number of different particle types in a large variety of substances. 

Example 1-4. Use the information contained in the preceding sections to find the 
range of 10-Mev protons in air at standard conditions and in lead. 


Solution. By Eq. (1-9) the range of a 10-Mev proton is obtained from that of a 19.9- 
Mev deuteron. Values of the latter - air appear in oo 1-6. Accordingly, 


Me 
R,(10 Mev) = M, Re it 10 Mev) = 4 = 2014 014 008 (19. 9 Mev) 


= 115 cm of air 
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In Table 1-5 some of the properties of the fission products of U*** are 
given. These properties apply to the average fission product of each of the 
two fragments. 


TABLE 1-5. AVERAGE PROPERTIES OF U?® Fission PRODUCTS 


Property Light group | Heavy group 
Mass number...................... ~95 ~139 
Atomic number.................... ~38 ~54 
Initial net charge................... ~+206e ~+22e 
Initial energy, Mev................. 97 65 
Range in air at NTP*, mm.......... 27 f 21 





* NTP is an abbreviation for normal temperature and pressure, that 
is, 15°C and 760 mm Hg, respectively. 


The net charge of a fission product decreases continually during the 
slowing-down process. In this respect, its properties are different from | 
those of an alpha particle. Another factor that distinguishes the absorption 
of fission products from alpha particles is the relative importance of energy 
loss by nuclear collisions and that by collisions with electrons of the ab- 
sorber. In the absorption of alpha particles, the contribution of the nuclear 
collisions is negligible. However, for the absorption of fission products, the . 
nuclear collisions become important because of the increased nuclear charge. 

Calculation of the range of fission products is complicated by the decrease 
of the net charge of the particles and by the nuclear collisions. Some 
calculations which have been carried out have been reviewed by Bethe and 
Ashkin [4]. Experimental measurements of the range of fission products in 
air versus their mass numbers are shown in Fig. 1-7. 


ABSORPTION OF ELECTRONS 
1-7. Penetration of Electrons through Matter 


Electrons which are emitted from nuclei in radioactive decay are known 
as beta-minus, or simply beta, particles. Beams of energetic electrons may 
be produced by accelerating electrons in various particle accelerators. 
When other types of radiations, such as gamma rays, pass through matter, 
energetic electrons are released; these particles are referred to as secondary 
electrons. 

The interactions of positrons and electrons with matter will be discussed 
jointly because of their similarity. Positrons may be emitted in radio- 
active-decay processes; these particles are known sometimes as beta-plus 
particles. The other primary source of positrons is in the pair-production 
process. In this reaction a high-energy gamma ray disappears, and in its 
place two particles, a positron and an electron, appear. 
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Upon coming to rest, a positron combines with an electron, and the pair 
is annihilated; the mass energy of the particles is converted into two pho- 
tons. These photons, which are referred to as annihilation radiation, have 
0.51 Mev of energy each and travel in opposite directions. 

The usual fate of electrons is not annihilation, because the number of 
positrons available for sharing in the process is usually quite small compared 
with the number of electrons. Rather, the electron, upon coming to rest, 
generally becomes a part of the total electron population in the material. 


© Assignment certain 
O Assignment probable 


x Assignment facilitated by 
ronge measurement 
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Fic. 1-7. Range versus mass number for fission fragments from Pu. 
[From S. Kateoff, J. A. Miskel, and C. W. Stanley, Phys. Rev., 74:631 
(1948).] 


Electrons differ from alpha particles and other heavy particles in that 
they are_not characterized by straight-line paths and definite ranges. 
Rather, the electron paths are quite tortuous, and the ranges of monoener- 
getic electrons vary greatly. The crooked paths are due to the multiple 
scattering with atoms along the paths. Scattering may take place in 
collisions with the orbital electrons or with the nuclei of the absorbing 
material. 

The variation in the ranges of monoenergetic electrons is due primarily 
to the crooked paths followed by the particles. In this regard, the range of 
the particle is considered to be the thickness of the absorber through which 
it can just penetrate. In addition, the total path length, as might be 
measured along a cloud-chamber picture, 1s found to have 10 to 15 per cent 
straggling. The reason for this is that individual electrons may lose up to 
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one-half of their energies in a single collision with another electron. This is 
to be contrasted with the maximum fractional energy loss per collision of 
4m/M for heavy particles of mass M. In the case of the electron-electron 
collision, the one retaining the largest energy is the electron which is fol- 
lowed farther through the material. 

Electrons lose energy to the absorbers by excitation and ionization of the 
bound electrons in the absorber just as do heavy particles. However, for 
electrons there is another important mechanism for the loss of energy; this 
is through the emission of electromagnetic radiation. This radiation is 
often referred to as bremsstrahlung. 


1-8. Energy Loss of Electrons through Inelastic Collisions 


The absorption of electrons, through the inelastic collisions leading to 
excitation and ionization, follows Eq. (1-1); however, the term B differs 
somewhat from that for heavy particles. For energies up to nearly 0.5 


ae re 


Mev, B is approximately constant, so that (dE'/dzx)., the rate of energy loss 
due to collision, is given by 
dE 1 
(#) ~3 et) 


where »v is the particle velocity. The rate of energy loss passes through a 
minimum at about 1 Mev; above approximately 3 Mev it rises slowly as 
the logarithm of E. The rate of energy loss, (dE/dz)., is proportional to the 
specific ionization I; that is, 


where w is the energy loss per ion pair formed, or about 32.5 ev for electrons 
IN alr. ee 

Measurements of the specific ionization at various energies have been 
made by cloud-chamber techniques. These experiments confirm the general 
predictions of the theory for the rate of energy loss by collisions. Data on 
the specific ionization in air are presented in Fig. 1-8. In the primary- 
lonization process, the electrons which are released are often given large 
energies and therefore produce additional, or secondary, ionization while 
dissipating this energy. The paths of the secondary electrons are known as 
delta tracks. The total ionization is the sum of the primary and the second- 
ary ionization. 

The specific ionizations presented in Fig. 1-8 for the primary and total 
lonizations pass through minima of 21 and 42 ion pairs per centimeter, 
respectively. These values are 10 to 20 per cent lower than the ones which 
are often quoted. However, these low values appear to have the best 
experimental confirmation. 
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fore bremsstrahlung does not become important in the energy loss of heavy 
particles until the Bev energy range is reached. At these energies the 
particles can approach the scattering nuclei more closely and thereby 
experience larger forces which compensate for the increased mass. 


1-10. Ranges of Electrons 


The range of particles through absorbers may be investigated by the 
determination of absorption curves. Figure 1-3 is an example of such a 
curve for alpha particles. It is seen that it is possible to assign a rather 
definite range to a heavy particle of a given energy. 

Figure 1-9 illustrates absorption curves for collimated beams of mono- 
energetic electrons and of beta particles with a continuous energy distri- 


Relative intensity 





0.5 R 1.0 
Thickness of absorber, g/cm* (Ext) 


Fie. 1-9. Absorption curves for, curve A, monoenergetic electrons 
(1.9 Mev) and, curve B, beta particles with continuous energy spec- 
trum (Emsx = 1.9 Mev). 


bution. The majority of the particles are scattered from the beam. The 
electrons travel the maximum perpendicular distance through the absorber 
in only the most favorable cases. 

An absorption curve for monoenergetic electrons is found to have a 
linear portion. If this linear portion is extrapolated to zero, as is done in 
Fig. 1-9, this extrapolated range is found to be characteristic of a given 
energy particle and is usually taken as the range of the electrons. 

For continuous spectra of electrons, the range is quite indeterminant from 
plots such as Fig. 1-9. However, methods have been devised by which 
range values can be calculated from the absorption data. In one such 
method, known as Feather’s comparison method [11], the range in the 
unknown substance is determined by comparing its absorption curve with 
that of a substance with known range. 

Numerous measurements of range versus energy of electrons have been 
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tial curve is apparently fortuitous. The distribution in energy of the beta 
emitter combined with the absorption characteristic for each energy leads 
to the exponential function. 


Example 1-5. The beta particles from a P®? source are counted by means of a Geiger- 
Miller tube having a wall thickness of 30 mg/cm*. Estimate the fraction of the particles 
which is absorbed while passing into the tube. 

Solution. The fraction which is absorbed is obtained from Eq. (1-15) as 


Fraction absorbed = 1 — e~+=4 = |] — e7(10.7) (0 X 10-9) = (97 
where 


22 22 
im = a = (7p = 10.7 cm?/g 


The range of electrons expressed in terms of the mass per unit area is in- 
dependent of the atomic number of the absorber, to a good approximation. 
This can be expressed as 


R(g/cm?)z, ~ R(g/cm?)z, (1-17) 


Equation (1-17) should not be applied in cases where bremsstrahlung ac- 
counts for a significant part of the energy loss. Equation (1-13) can be used 
to check this condition. 


Example 1-6. Compare the ranges of P** beta particles in lucite and in lead. 

Solution. The radioisotope P? is a beta emitter with a maximum energy of 1.7 Mev. 
The range of these betas in aluminum is found from Fig. 1-10 to be 880 mg/cm*. By 
Eq. (1-13), the radiative loss in lead is 


(48) . EZ(dE) _ (1.70062)(4B) _ 9 17(AB) 
dz/, 800\dz/. 800 dz/. : dz/. 
which is a large fraction of the loss by inelastic collision. However, in lucite the radia- 


tive loss would be negligible, as it also is in aluminum. Therefore, the maximum range 
of these particles is 880 mg/cm! in lucite and somewhat less than this in lead. 


1-11. Scattering of Electrons 


Since the electronic mass is small compared with that of a nucleus, 
large deflections can occur in single collisions, particularly when electrons 
of low energies are scattered by high-atomic-number elements. The effects 
of these scattering processes on the range of electrons have already been 
discussed. 

When the scattering material is sufficiently thick and multiple scattering 
occurs, a large fraction of the electrons may be scattering through more than 
90°. This phenomenon is called backscattering, since it scatters the par- 
ticles back in the direction from which they came. This effect is quite 
important in radioactive measurements. The backing material on which 
the sample is mounted affects the counting rate by scattering electrons 
back to the detector. This can result in an increase of over 50 per cent in 
the counting rate if the backing material is of high atomic weight. 
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PROPERTIES OF GAMMA AND X RAYS 
1-12. Absorption of Gamma and X Rays 


Gamma rays and X rays are two forms of electromagnetic radiation 
differing only in their origins. Gamma rays are produced in nuclear reac- 
tions, whereas X rays are caused by the excitation or removal of orbital 
electrons or by the deceleration of electrons. The gamma and X rays con- 
sist of photons, each with energy E, given by the expression 


E, = hy = (1-18) 


where h = Planck’s constant 
c = velocity of light 
y and \ = frequency and wavelength, respectively, which are associated 
with the wave nature of the radiation 

The emission of gamma rays is a mechanism by which the energy of 
excitation of a nucleus can be removed. Such excited states may accom- 
pany the decay of radioisotopes, or they may result from induced nuclear 
transmutations. The gamma rays accompanying a particular type of 
nuclear reaction are composed of photons with either a single energy or a 
group of discrete energies. Typical energies of gamma rays range from a 
few kev to several Mev. 

The excitation or removal of orbital electrons, which precedes the pro- 
duction of X rays, may be accomplished in many ways, including the in- 
elastic scattering of other electrons, the internal-conversion phenomenon, 
and the electron-capture process. The energy released upon the return of 
the orbital electrons to the ground state appears as X-ray photons, known as 
fluorescent radiation. The energy of the photons is characteristic of the 
element, varying from a few electron volts for the lighter elements to about 
0.1 Mev for the transuranium elements. 

The X-ray production which accompanies the deceleration of electrons is 
the bremsstrahlung which was discussed in connection with the absorption of 
electrons. These X rays occur whenever high-energy electrons bombard 
targets, particularly those targets of high atomic number. The spectrum of 
the photons ranges from zero to the maximum energy of the bombarding 
electrons. Therefore these radiations can contain very-high-energy pho- 
tons, even in the Bev region, with the high-energy particle accelerators. 

The interaction of X and gamma rays with matter is primarily through | 
three mechanisms, namely, the photoelectric effect, Compton scattering, 
and pair production. An additional mechanism is the production of nuclear 
reactions. However, this occurs so seldom compared with the other three 
mechanisms that it may be neglected in a discussion of the absorption of 
gamma and X rays. 
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In the photoelectric effect a photon of energy hy interacts with the atom 
asa whole. Its energy is transferred to an electron, usually one in the inner- 
most shell. The electron is ejected with a kinetic energy Exin given by 


Exia = hy — Es (1-19) 


where E, is the binding energy of the orbital electron. Of course, when the 
electron shell is refilled, one or more characteristic X rays with total energy 
Ey are emitted. 

In Compton scattering the primary photon may interact with any one 
of the orbital electrons. The electrons are considered essentially as free 
electrons under the condition that the primary-photon energy 1s large 
compared with the electron binding energy. The interaction may be 
analyzed as an elastic collision between the primary photon and the elec- 
tron. The energy is shared between the recoil electron and the secondary 
photon. This secondary photon travels in a direction differing from that of 
the primary photon, and it is referred to as the scattered photon. 

At low energies where the photon energy is nearly equal to or less than 
the electron binding energy, the primary photon may be reradiated or 
scattered with the entire energy. In this process, known as coherent 
scattering, the entire atom absorbs the recoil momentum; since its mass is 
large, it receives negligible energy from the photon. 

In pair production the primary photon disappears, and its energy goes 
into the rest-mass energy and the kinetic energy of the positron and elec- 
tron pair which is produced. 

The absorption of X and gamma rays may be studied through the meas- 
urement of their transmission through absorbers. If one uses an arrange- 
ment similar to Fig. 1-11 to measure the intensity of the beam which 
reaches the detector, one obtains the relationship 

; = end (1-20) 
where [/TI, is the fraction of the photons remaining in the beam after pas- 
sage through an absorber of thickness d. In the processes which remove 
photons from the beam, each absorbed photon is eliminated individually in 
a single event. Since the number of photons eliminated from the beam in 
traversing a distance dz of the absorber is proportional to dz and to the 
number of incident photons, the exponential function results. 

The quantity » is known as the total linear absorption coefficient. The 
coefficient measured by the arrangement in Fig. 1-11 includes both the 
true absorption of photons and the scattering from the collimated beam. 
This coefficient is referred to as the ‘“‘narrow beam’’ coefficient. Its value is 
greater than that which would be measured by an arrangement in which 
scattered photons can reach the detector. 
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The total coefficient u can be expressed as 
pertote (1-21) 


where 1, o, and « represent the partial absorption coefficients due to the 
photoelectric effect, Compton effect, and pair production, respectively. 

In the absorption of X and gamma rays, the concept of range has a dif- 
ferent meaning from that for charged particles. One cannot say with cer- 
tainty that a particle will travel no farther than a certain range R. In- 
stead, one can only specify the probability that it will travel no farther 
than R. This probability is given by Eq. (1-20) as 1 — e+”. 


Absorber 


Detector. 
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Fic. 1-11. Experimental arrangement for the measure- 
ment of the total linear absorption coefficient for gamma 
rays. 


The concepts of half-thickness z and mean range F are useful in regard 
to the absorption of X and gammarays. The half-thickness zr, defined as 
the absorber thickness required to absorb half of the photons, is given by 


_ In 2 7 0.693 
B Pm 


(1-22) 





Lye 


The mean range £ is the average distance traveled by a photon before it is 
absorbed; F is calculated as follows: 


f “ce~"*p. dx 1 
R = ~——___ = - (1-23) 

f “etn dx 

0 
An alternative form of Eq. (1-20) is 
: = ET mdm (1-24) 
where pm = total mass absorption coefficient, that is, u/p 
d,, = mass thickness, or pd 
p = mass density of absorber 
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The mass absorption coefficients are functions of both the energy of the 
photons and the atomic number of the absorber. In Figs. 1-12 and 1-13 
the dependence of y,, on energies in the range from 0.01 to 100 Mev is 
shown for a group of elements from carbon to lead. The calculations for 
these figures were made by G. R. White [13]. Additional data on X- and 
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Fia. 1-12. Total mass absorption coefficient versus photon energy (0.01 to 
1 Mev) for various materials. [Reprinted from S. Kinsman (ed.), “‘Radto- 
logical Health Handbook,’’ U.S. Department of Commerce, Office of Technical 


Services, 1957; data from G. R. White, Natl. Bur. Standards (U.S.) Circ. 583, 
1957.] 


gamma-ray absorption can be found in a review article by Davisson and 
Evans [14]. It is seen that the absorption coefficients decrease with in- 
creasing energy until broad minima are reached. As the atomic number 
of the absorber increases, the energy of the minimum absorption decreases. 


1-13. Photoelectric Absorption 


Photons cannot interact with free electrons by the photoelectric effect. 
Therefore it is understandable that the interaction between photons and 
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electrons is strongest with the most strongly bound electrons, i.e., the 
K-shell electrons. Further, for a given shell, the interaction is largest for 
photon energies just above the ionization potential for the shell, and it falls 
off rapidly with increasing energies. 

Calculations of the dependence of + on Z and hy have been made by 
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Fic. 1-13. Total mass absorption coefficient versus photon energy (1.0 to 
100 Mev) for various materials. [Reprinted from S. Kinsman (ed.), “‘Radio- 
logical Health Handbook,” U.S. Department of Commerce, Office of Technical 
Services, 1957; data from G. R. White, Natl. Bur. Standards (U.S.) Circ. 588, 


1957.] 


Heitler [10] and others [4]. One special case of the theoretical expression, 
which holds for E, « hv K mc? (0.51 Mev), is 


7 ~ NZ (hv) (1-25) 


Here N is the number of atoms per unit volume and £; is the binding energy 
of the orbital electrons. In Figs. 1-14 and 1-15 the contributions of the 
individual absorption processes to the total absorption are shown for lead 
and aluminum, respectively. The photoelectric effect is seen to predom- 
inate below 600 kev for lead and below 60 kev for aluminum. 


1-14. Compton Effect 
The application of the laws of conservation of energy and momentum to 


the collision of a primary photon with a free electron leads to the expression 


o (1-26) 


es 1 + (1 — cos @)hy/me? 
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where hv’ is the energy of the scattered photon and @ is the angle between 
its direction and that of the primary photon. The kinetic energy Exin of 
the recoil electron is 


Ey. = hv — hv’ = hr | 


(1 — cos 6)hv/me? (1-27) 


1+ (1 — cos 6)hv/mce? 


From Eq. (1-27) it is seen that for hy « mc? (0.51 Mev) the energy given to 
the recoil electron is negligible, while for hy > mc?, Exin approaches hy. 
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Fic. 1-14. Linear absorption coefficient versus photon energy for 
lead, including partial absorption coefficients. [From G. R. White, 
Natl. Bur. Standards (U.S.) Circ. 583, 1957.] 


Since each electron enters individually into the scattering process, the 
partial absorption coefficient o is proportional to Z. The dependence of o 
on photon energy has been calculated quantum-mechanically by Klein and 
Nishina [15]. For hv > mc? the expression for a is 


NZ Qhy 1 
~ NZ (y 2h as 1) 2) 


which is essentially an inverse dependence on hp. 

The Compton effect is the principal mechanism for photon absorption 
throughout a large energy range. In lead it is the chief effect from 0.6 to 
5 Mev, while in aluminum it predominates the absorption from 0.05 to 15 
Mev. 
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Fia. 1-15. Linear absorption coefficient versus photon energy 
for aluminum, including partial absorption coefficients. [From 
G. R. White, Natl. Bur. Standards (U.S.) Cire. 583, 1957.] 


The Klein and Nishina calculation divides the absorption coefficient o 
into two parts. The first, designated as o,, takes into account the energy 
in the scattered photons. The second, denoted as ag, represents the en- 
ergy absorbed in the recoil electrons. Only the latter represents a true en- 
ergy absorption. This effect is illustrated in Fig. 1-16 where both the 
total absorption coefficient and the true-energy absorption coefficient of 
air are plotted. 


Example 1-7. A collimated beam of gamma rays from [5 impinges perpendicularly 
on the surface of a parallel-plate ionization chamber. If the gas in the chamber is air 
at standard conditions and the plates are 10 cm apart, compute the fractional decrease 
in the intensity of the beam due to the absorption in the air. What proportion of this 
absorption is true-energy absorption? 

Solution. The gamma rays emitted by I! have an energy of 1.6 Mev. By Fig. 1-16, 
the total absorption coefficient in air is 6 X 10-4 cm~, while the true energy absorption 
coefficient is 3 X 10-4 cm. Therefore the fractional decrease in the intensity of the 
collimated beam is xd = 6 X 10-4 X 10 = 0.006. The proportion of this decrease 
which results in true-energy absorption is 3 X 10-4/6 X 10~, or 4. 


1-15. Absorption by Pair Production 


In the pair-production process, the gamma ray disappears, and a positron 
and an electron are produced. For the event to occur, the gamma-ray 
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at very high energies. From Figs. 1-14 and 1-15, it is seen that absorption 
by pair production is the predominant factor in lead above 5 Mev and in 
aluminum above 15 Mev. 

As in the case of Compton scattering, only a part of the photon energy 
becomes absorbed energy in the pair-production process. The rest-mass 
energy 2mc? reappears as two 0.51-Mev photons following the annihilation 
of the positron-electron pair. 


PROPERTIES OF NEUTRONS 
1-16. Interaction of Neutrons with Matter 


The behavior of neutrons in matter is quite different from that of either 
charged particles or gamma rays. Since the neutrons are uncharged, no 
Coulomb forces come into play with either the orbital electrons or the 
nuclei. Thus, for neutrons to affect matter, they must either enter the nu- 
cleus or come sufficiently close to it for the nuclear forces to act. On the 
other hand, nuclear reactions play only a minor role in the absorption of 
charged particles and gamma rays. 

The reaction of a neutron with a nucleus zX4 can be represented as 


zX4 + on! > (zY4+)* 


where (zY4+'!)* represents the compound nucleus in an excited state. The 
excitation energy, including both the binding energy and the kinetic energy 
of the neutron, is distributed among the many constituents of the nucleus. 
The compound nucleus remains in the excited state only a short time, from 
10—'? to 10-” sec. The excess energy may be removed by the emission of 
one or more particles. If, for example, an alpha particle is emitted, the 
reaction is designated as a (n,qa) reaction. 

Processes in which the neutrons are reemitted are referred to as scattering 
processes. The scattering is inelastic or elastic, depending on whether the 
nucleus is left in an excited or an unexcited state after the neutron re- 
emission. In either case the neutron energy is degraded, the amount of 
degradation being larger for the inelastic scattering. 

For any given compound nucleus in an excited state, several different 
types of nuclear reactions may be energetically possible. The probabilities 
for the various reactions depend on the amount of the excitation energy and 
the location of the energy levels in the compound and product nuclei. Con- 
sequently, the probability for each type of absorption process depends on 
the energy of the incident neutron and the composition of the absorber. 
These probabilities often vary greatly even between different isotopes of the 
same element, since each type of nuclide has its own characteristic nuclear 
properties. 

The importance of the neutron energy in the interaction of neutrons with 
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matter makes necessary a classification of neutrons according to their 
energies. The terms thermal, epithermal, and fast each represent a broad, 
rather indefinite range of neutron energies. Thermal neutrons are those 
which have reached thermal equilibrium with their surroundings. At 20°C 
the thermal neutrons have an average kinetic energy of 0.038 ev in a non- 
absorbing medium; most of these neutrons have energies less than 1 ev. 
Epithermal neutrons are the group between thermal and fast. The lower 
boundary on the fast-neutron group is quite arbitrary. Perhaps about 100 
kev is a convenient value. 

A list of the various mechanisms by which neutrons interact with matter 
follows: 

1. Elastic scattering, (n,n). The initial kinetic energy of the neutron 
is shared with the nucleus. The nucleus is not left in an excited state. The 
smaller the mass of the nucleus, the greater the fraction of the kinetic 
energy taken by the nucleus. 

2. Inelastic scattering, (n,n), (n,ny), or (n,2n). This process is ener- 
getically possible only for fast neutrons. In the (n,ny) reaction the excita- 
tion energy is removed by a gamma ray. In the (n,n) process the nucleus 
remains in a metastable state. For incident-neutron energies of 10 Mev or 
higher, the (n,2n) processes can occur. 

3. Simple capture, (n,y). This reaction is probably the most common of 
all reactions, since thermal neutrons induce this reaction in nearly all 
nuclides. It also occurs with a very high probability for a number of nu- 
clides at particular energies in the epithermal range. This latter phenom- 
enon is known as resonance capture. The gamma rays which are emitted 
in the (n,v) reaction usually have energies of several Mev. 

4. Ejection of charged particles, (n,p), (n,d), (n,v), (n,t), (n,e@p), ete. 
Since the charged particles must overcome the Coulomb barrier before 
escaping the nucleus, this type of reaction is most probable for light nuclides 
and fast neutrons. Important exceptions are those (n,a) reactions which are 
sufficiently exothermic to allow the escape from the Coulomb barrier even 
with thermal neutrons. Examples of these thermal reactions are the 
Li*(n,a) and the B'°(n,a) reactions. 

5. Fission, (n,f). The compound nucleus splits into two fission fragments 
and one or more neutrons. Fission occurs with thermal neutrons in U?5, 
Pu®®, and U** and with fast neutrons in many heavy nuclides. 

6. High-energy processes. The capture in a nucleus of neutrons with 
energies around 100 Mev or higher may cause the emission of a shower of 
many different types of particles. 


1-17. Nuclear Cross Sections 


A quantitative description of the interaction of neutrons with nuclei 
can be made through the use of the concept of nuclear cross sections. The 
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rate at which a particular reaction proceeds in a given material depends on 
the number and energy of the neutrons and on the quantity and type of the 
nuclei in the material. The dependence on the neutron energy and target 
type is included in the nuclear cross section. 

Consider a hypothetical slab of material one atom thick containing N,. 
nuclei of one type per square centimeter. Leta collimated beam of neutrons 
with intensity J neutrons per square centimeter per second impinge perpen- 
dicularly on the surface. The microscopic cross section o for a particular 
reaction is defined as 


C 4 / eh, ae 
c= om ———- (1-32) 


~|( w* «| ta, 8. A ee 
where C' is the number of reactions of the type in question which occur per 
square centimeter per second. Since nuclear cross sections often have 
values of the order of 10-*% cm?, this quantity has been chosen as the cross- 
section unit; this unit is called a barn. 

The physical significance of cross section can be seen by rewriting Eq. 
(1-32) as 


C Am de Sheet } 
N at = T 

The quantity C/T is the fraction of the incident neutrons which cause the 
nuclear reaction. Also, it is the probability that a given neutron in the 
beam will take part in the reaction. The quantity Noo may be regarded as 
the portion of the 1-cm? surface area which, if struck, undergoes the nuclear 
reaction. This leads to the concept that the slab consists of N. nuclei per 
square centimeter, each having an effective cross-sectional area, or, for 
short, cross section o. However, this cross 
section is related to the geometrical cross 
section only in certain special cases. 

In the preceding paragraphs, o was de- 
fined in terms of a monoatomic layer. In 
many applications of the concept, a finite 
thickness of material must be used. Con- 
sider a collimated beam of neutrons with 
intensity J, neutrons per square centimeter 
per second incident normally on a slab of 
thickness d, as shown in Fig. 1-17. If N 
indicates the number of target nuclei per 
ee pa eye carts neu- cubic centimeter, a square centimeter of the 

surface of a differential slab contains N dx 
targets. The differential slab produces a fractional change in the beam in- 
tensity of No dz; that is, 
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-% = No dz (1-33) 
Therefore, integration over the thickness d leads to 
Lele" (1-34) 


The fraction of the neutrons absorbed in a thickness d is 1 — e~%*4. For 
Nod < 1, this fraction reduces to that given by Eq. (1-32). When Eq. 
(1-34) is applied to the scattering processes, the quantity J must be inter- 
preted as the number of neutrons arriving at d without having been scat- 
tered. 

The cross section o is known as the microscopic cross section since it 
refers to a single nucleus. The macroscopic cross section 2 is defined as 


Z=No cm" (1-35) 


Thus 2 is seen to be the total cross section of all the nuclei in 1 cm? of the 
material. Equation (1-33) becomes 
—% = 2d (1-36) 
From this it is seen that = is the probability of absorption per unit path 
length. In addition, 2 is the reciprocal of A, the average distance which a 
neutron will travel before the process occurs. This, of course, is identical 
to the relationship between » and & for photons, as discussed in Sec. 1-12. 
The preceding discussion has been restricted to a collimated beam of 
neutrons. It can be extended to fields of neutrons with random directions 
through the following considerations. If the neutron travels with an 
average velocity v, then v/A is the probability that a given neutron will 
undergo a reaction per second. If n is the number of neutrons per cubic 
centimeter, then R, the reaction rate per cubic centimeter, is 


R= = md = 8 (1-37) 


where the quantity nv is known as the neutron flux and is given the symbol 
®. This relationship is independent of the direction in which the neutrons 
are moving. 


Example 1-8. Calculate the rate at which the (n,a) reaction occurs in a neutron- 
counter tube of a volume of 100 cm?, containing BF’; gas at normal temperature and 
pressure, if the tube is placed in a neutron field of energy of 0.025 ev and flux magnitude 
of 10'* neutrons/(cm?) (sec). 

Solution. The cross section for the (n,@) reaction is given by Fig. 1-21 as 755 barns 
at 0.025 ev. Since the number of boron atoms per cubic centimeter is 6.02 X 10?3/2.24 X 


10‘, or 2.68 X 10'* cm-* under the condition of the problem, Eq. (1-37) yields a total — 


reaction rate of 
Reaction rate = VNo® = (100)(2.68 < 10%)(755 X 10-*)(10!2) = 2.06 X 10!3/sec 


| 
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In general, the neutrons involved in a given situation have a range of 
energies. Since neutron cross sections are often energy-dependent, it is 
necessary to adopt a notation which specifies the neutron energy. For this 
purpose, ¢(#), the neutron flux per unit energy interval, is introduced so 
that the flux in the energy interval from E to E + dE is ¢(E) dE. The 
quantity ¢(£) is related to n(E), the neutron density per unit energy 
interval, by the expression 


(FE) = n(E£) v (1-38) 
The total flux of all energies is 
& = f ” $(E) dE = f  n(E) vdE (1-39) 
0 0 


where v = (2E/M,)% , M,, being the neutron mass. The reaction rate R 
becomes 


R= I ° ¥(E) o(E) dE (1-40) 


where the macroscopic cross section 2(E) is a function of energy. The 
reaction rate can be expressed in terms of the total flux ® and an average 
cross section 2 as 


R = #3 (1-41) 


where © is defined as 


J ” 3(E) $(E) dE 


J ” $(E) dE 


5 (1-42) 


The number of atoms per cubic centimeter of the material can be calcu- 
lated by 
_ PN. 








N W (1-43) 
where p = density, g/cm? 
W = atomic weight 
N,. = Avogadro’s number 
In terms of these quantities, 
Z(em-!) = ae (1-44) 


where @ is expressed in barns. 

As was discussed previously, several different types of nuclear reactions 
can occur with neutrons. For each process there will be a certain cross 
section. Since the probabilities for the different processes are additive, one 
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can define a total cross section o; as the sum of the individual cross sections. 
If o; refers to the cross section for the zth process, then 


oO; = a» CO; (1-45) 


Example 1-9. Calculate the mean free path of 0.025-ev neutrons in cadmium of a 
density of 8.6 g/cm’. 
Solution. The mean free path dA or 1/2 is obtained by Eq. (1-44) as 
es oe 2 NS Se 
0.602cp (0.602) (2,600) (8.6) 


= 0.0084 cm 
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Fic. 1-18. Total cross section versus energy for neutrons in 
hydrogen; energy range, 10-3 ev to 10? Mev. (From D. J. 
Hughes and J. A. Harvey, ‘‘Neutron Cross Sections,’”’ U.S. 
Atomic Energy Commission Document, McGraw-Hill Book 
Company, Inc., New York, 1955.) 


1-18. Variation of Cross Sections with Neutron Energy “4 


The complete determination of cross sections for the several possible 
nuclear reactions is a complex problem. In most cases, these cross sections 
vary greatly with energy. Also, the variations between different elements 
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and between different isotopes of the same element may be quite large. For 
the determination of cross sections, actual measurements must be employed, 
as in most cases theory is not sufficiently advanced to allow their computa- 


1000 ee 





Total cross section, barns 


0. 
Neutron energy, ev. 


(a) 
Fia. 1-194. Total cross section versus energy for neutrons in indium; energy 
range, 0.01 to lev. (From D. J. Hughes and J. A. Harvey, ‘‘Neutron Cross 
Sections,”’ U.S. Atomic Energy Commission Document, McGraw-Hill Book 
Company, Inc., New York, 1955.) 


tion. A comprehensive compilation of thermal-neutron cross sections as 
well as of curves of neutron cross sections versus energy for a large energy 
range are included in an Atomic Energy Commission publication [16]. 
Figures 1-18 to 1-21 are examples of curves taken from that publication. 
These figures give the neutron cross sections of several materials of interest 
in nuclear-radiation detection. 
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Figure 1-18 is the total cross section for hydrogen. This cross section is 
due primarily to the elastic scattering by protons, the nuclei of the H! 
atoms. This phenomenon is important in the detection of fast neutrons. 
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(6) 
Fiac. 1-196. Total cross section versus energy for neutrons in indium; 
energy range, 1.0 to 100 ev. (From D. J. Hughes and J. A. Harvey, 


‘Neutron Cross Sections,’ U.S. Atomic Energy Commission Docu- 
ment, McGraw-Hill Book Company, Inc., New York, 1955.) 


Figure 1-19 is the total cross section for the element indium with its 
natural abundance of isotopes. This cross section is due primarily to the 
(n,y) reaction in In''®, The high resonance peak at 1.4 ev is particularly 
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Fic. 1-20a. Total cross section versus energy for neutrons in cadmium; 
energy range, 0.01 to 1.0 ev; also, the ratio of scattering to absorption cross 
sections. (From D. J. Hughes and J. A. Harvey, “Neutron Cross Sections,” 
U.S. Atomic Energy Commission Document, McGraw-Hill Book Company, 
Inc., New York, 1955.) 


useful. The In''® which is formed is radioactive and can be used as a 
measure of the neutron flux at 1.4 ev. 

Figure 1-20 is the total cross section of the element cadmium. This cross 
section is due almost entirely to the (n,y) reaction in Cd"*, This reaction is 
particularly useful because of its sharp rise at the upper energy limit of the 
thermal neutrons. 


PROPERTIES OF NUCLEAR RADIATION 37 


C= 





——————— 








a ae 
co 


bees, 
ie 
bs stl ol 
Lea 
ait 
10 Sa ete I il 
So HA 
3 ee to ST yg TT RI 
ope a ee Ps 
s Ee ce 
: Ee wie ea 
PLL LE 
° 
yy 
= 
ee eH 
ial eh 
ne te 
cele 
rst 





CoML oe 





0 


3° 


0 
Neutron energy, ev 


(6) 


Fic. 1-206. Total cross section versus energy for neutrons in cad- 
mium; energy range, 1.0 to 100 ev. (From D. J. Hughes and J. A. 
Harvey, ‘‘Neutron Cross Sections,”” U.S. Atomic Energy Commission 
Document, McGraw-Hill Book Company, Inc., New York, 1955.) 


Figure 1-21 shows the cross section for the (n,a) reaction in boron. This 
reaction occurs primarily in B" and is represented by the equation 


B® + ont sLit + Het + Q 


where Q = 2.78 Mev. The Li’ and the He‘ products make possible the 
detection of the neutrons. 
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Fic. 1-21. Total cross section versus energy for neutrons in 
boron; energy range, 0.01 ev to 1 Mev. (From D. J. Hughes 
and J. A. Harvey, “Neutron Cross Sections,’ U.S. Atomic 
Energy Commission Document, McGraw-Hill Book Company, 
Inc., New York, 1955.) 


1-19. Slowing Down of Neutrons 


When neutrons are epithermal or fast, there is a tendency for them to be 
slowed down or thermalized by scattering processes. These scattering 
processes may be either the elastic or inelastic type. 

In a large system in which the cross sections for the scattering processes 
are large compared with those for absorption processes, a large fraction of 
the neutrons are slowed down to thermal equilibrium with the system before 
eventual absorption. A medium which is employed for slowing down 
neutrons is called a moderator. For moderation by elastic collision, mate- 
rials with small mass numbers are most effective, since these can absorb 
the largest fraction of the neutron energy per collision. Materials which 
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contain a large amount of hydrogen make good moderators; water and 
paraffin are noteworthy examples. In addition, heavy water, beryllium, 
and carbon are very good moderators since they have reasonably low mass 
numbers and very low absorption cross sections. 

Inelastic scattering is an important mechanism in the degradation of the 
energy of fast neutrons. The cross section for this process increases with 
the neutron energy and with the atomic number of the material in which 
the scattering occurs. This is an important mechanism in the shielding 
against fast neutrons [17]. 

A particular thermal neutron undergoing collisions with the nuclei of 
the medium may gain or lose energy in any one collision. However, if a 
large number of neutrons diffusing in a nonabsorbing medium are con- 
sidered, there is no net energy change for all the neutrons. The kinetic 
energy of the neutrons will then be distributed according to the Maxwell- 
Boltzmann distribution law, as derived from the kinetic theory of gases; 
thus, 





nu) = merit TMT E (1-46) 
where n(E) = no. of neutrons of energy E per unit energy interval 
mn = total no. of thermal neutrons 
k = Boltzmann constant 
T = temperature, °K 
With this distribution law, a neutron with energy kT has the most prob- 
able velocity while the average kinetic energy is 34k7. If athermal neutron 
is designated as one having the most probable velocity for a Maxwell- 
Boltzmann distribution at the temperature in question, the following 
relationships hold: 


8.61 K 10>7 ev 
13.8 X 10° #74 cm/sec (1-47) 
1.28 K 104 T%4 cm/sec 


Kinetic energy 
Velocity 
Velocity 


where E is the kinetic energy in electron volts and T is the temperature in 
degrees Kelvin. At 293°K the energy is 0.025 ev, and the velocity is 2.2 x 
10° cm/sec. 
It is customary [18] to replace the expressions for the reaction rate that 
are given by Eqs. (1-40) and (1-41) by 
R =n X 2.2 X 10® K 2(0.025 ev) (1-48) 
when the neutron field is primarily thermal neutrons. Here n is the num- 
ber of neutrons per cubic centimeter and 2(0.025 ev) is the macroscopic 


cross section for the process, evaluated at 0.025 ev. This expression is 
accurate when the cross section has a 1/v dependence on the neutron 
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velocity and only neutrons with velocity in the range for which the 1/v 
dependence holds are present. The quantity n X 2.2 * 10° is the so-called 
“thermal flux” and is often used rather than the actual flux that would be 
calculated from Eq. (1-39). 


PROBLEMS 


1-1. In certain methods of operation of an electron pulse-typei onization chamber, 
the conditions are such that the entire electronic charge which is released in the chamber 
is collected. What is the maximum electronic charge that is collected per particle when 
& uranium source is placed within the chamber and the chamber gas is helium? 

1-2. Find the maximum range in air and in aluminum of the following particles if 
each has an energy of 3 Mev: alphas, protons, deuterons, and electrons. 

1-3. Construct two range-energy curves for protons in air, one based on Fig. 1-4 and 
the other on Fig. 1-6. 

1-4. Use Eq. (1-5) to develop a relationship between the ranges of alpha particles 
and deuterons in air. Use this relationship to obtain a range-energy curve for deuterons 
in air from Fig. 1-4. Compare the result with Fig. 1-6. 

1-5. The alpha emitter Po?!® is plated on the surface of a thick nickel planchet. At 
what plating thickness is the condition reached for which the addition of more Po*® 
makes no increase in the number of alpha particles escaping from the surface? 

1-6. An experiment was run in which counting-rate measurements were made for 
various thicknesses of aluminum absorbers between a radioactive source, emitting beta 
particles, and the counter. The following data were obtained: 


Absorber Counting rate, Absorber Counting rate, 
thickness, mg/cm?| counts/see || thickness, mg/cm? counts/sec 


9.60 52.5 39.4 30.4 


16.6 45.5 68.5 19.8 
23.6 40.0 88.0 12.2 
31.4 35.5 127 7.90 


Estimate the maximum range of the beta particles and the maximum energy with which 
they are emitted. Determine the mass absorption coefficient for use in Eq. (1-15), and 
check this value with the one predicted by Eq. (1-16). 

1-7. What pressure of air would be required in a spherical ionization chamber of 
15-cm radius if all the electrons emitted by a P® source placed at the center of the 
chamber were to give up their entire energies to ionization within the chamber gas? 

1-8. Determine the mean free paths for the following processes: 


: . Particle 
Process Material Particle energy, Mev 
Pair production................... Lead Gamma 10 
Any process..................0-5. Aluminum Gamma 2 
Neutron capture.................. Cadmium Neutron 107? 


Ne) poke a eke aoe aeen ha eas Boron Neutron 10-6 


es 
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1-9. When gamma rays of 1.25 Mev passed through various thicknesses of iron, it 
was found that the intensity varied with the thicknesses, as shown in the following 
table. Find the absorption coefficient and compare with the value obtained from Fig. 
1-13. 


Thickness of iron, ; Thickness of iron, : 
a Intensity fen Intensity 
0 100 8.50 3.05 
1.80 47.5 9.60 1.92 
3.20 27.0 10.60 1.26 
5.00 12.5 


1-10. Derive an analytical expression for the probability that a gamma photon will 
pass through a thickness d of a material without undergoing any interaction. 

1-11. Calculate the rate of energy evolution due to the (n,a@) reaction that is produced 
by 100-kev neutrons in boron if the flux at this energy is 10'? neutrons/(cm*) (sec). 

1-12. Show that 3 =  /x 2(kT)/2, where 5(k7) is the value of the cross section at 
the energy k7,, provided that n (£) is the Maxwell-Boltzmann distribution and 2(£) = 
L(KT) VkT/VE. 
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CHAPTER 2 


SURVEY OF DETECTION METHODS 


The term detection is used in this text to include not only the indication 
of the presence of nuclear radiation but also the measurement of the 
amount, energy, and related properties. A detection system can be con- 
sidered to consist of two parts, a detector and a measuring apparatus. The 
interaction of the radiation with the system takes place in the detector. 
The measuring apparatus takes the output of the detector and performs 
the functions required to accomplish the measurements. 

The different types of detectors can be characterized by the nature of the 
interaction of the radiation with the detector. Several types operate by 
virtue of the ionization which is produced in them by the passage of charged 
particles. These detectors include ionization chambers, proportional 
counters, Geiger-Miiller counters, crystal counters, and cloud chambers. 
In the event that the primary radiation consists of charged particles, this 
ionization is produced directly. For example, a 5-Mev alpha particle can 
release 2.25 & 10-" coulomb of charge in a detector containing air, as was 
computed in Example 1-1. For uncharged particles such as neutrons and 
gamma rays, the charged particles which are required for the production 
of ionization originate by secondary processes, as described in Chap. 1. 

In certain detectors, excitation and sometimes molecular dissociation 
also play important roles. These phenomena, in combination with loniza- 
tion, produce the luminescence involved in scintillation detectors and the 
latent images in photographic emulsions. Molecular dissociation is partic- 
ularly important in chemical detection systems, i.e., those systems which 
function through the occurrence of certain chemical reactions. 

Other important primary processes involved in the interaction of radia- 
tion with the detectors include the emission of Cerenkov radiation in 
Cerenkov detectors and secondary-electron emission in electron multipliers. 
Each of these several processes will be discussed in later chapters on the 
specific detectors. 

Nuclear-radiation-detection systems can be classified as to whether their 
operation is of the pulse type or not. In the pulse type of operation, the 
output of the detector is a series of signals separated or resolved in time. 


Each signal represents the interaction of a nuclear particle with the detec- 
42 
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tor. A Geiger-Miller tube is an example of a pulse-type detector. If the 
pulse character of the output of the detector is used, such as in the case of 
counting by an electronic counter, the detection system is of the pulse 
type. 

In the nonpulse type of operation of a detection system, the quantity 
measured directly is the average effect due to many interactions of the 
radiation with the detector. No attempt is made to resolve the individual 
particles. In fact, this is often impossible because of the high rate at which 
they occur. Such an arrangement may be referred to as a mean-level detec- 
tion system. 

The current-type ionization chamber is a good example of a mean-level 
detection system. The current output is proportional to the number of 
particles incident upon the detector per unit time. 


SURVEY OF DETECTOR TYPES 
2-1. Gas-filled Detectors 


Three of the oldest but still very useful nuclear-radiation-detector types 
are the ionization chambers, the proportional counter, and the Geiger- 
Miiller (G-M) tube. Each of these detector types employs gas-filled cham- 
bers. The difference in the three sys- 
tems can be explained through the use 
of Fig. 2-1. The system shown con- 
sists of a gas-filled chamber with a 
central electrode well insulated from 
the chamber walls. A voltage V is 
applied between the wall and the as 
central electrode through the resistor 
R shunted by the capacitor C4. 

Assume that the passage of a nu- 
clear particle releases N; ion pairs within the chamber. The positive and 
negative charges within the chamber move toward the chamber wall and 
central electrode, respectively, because of the direction of the electric field. 
Under the condition that the time constant RC, is much greater than the 
time required for the collection of the charge, the charge Q appearing on 
the capacitor per particle as a function of V is given by curve 1 in Fig. 
2-2. For a particle producing a larger number of ion pairs Ne, curve 2 is 
obtained. 

These curves can be divided into four main regions. In region I there is a 
competition between the loss of ion pairs by recombination and the removal 
charge by collection on the electrodes. With increasing field the drift veloc- 
ity of the ions increases; therefore the time available for recombination de- 
creases, and the fraction of the charge which is collected becomes larger. 


Insulator Centrol electrode 





Fia. 2-1. Schematic diagram for pulse 
operation of a gas-filled chamber. 


— 
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In region II the recombination loss is negligible, and the charge collected 
18 


Q=Ne and Q: = Ne (2-1) 
The change in voltage across the capacitor Cs is 
N. 
AViie we and AV, =“ (2-2) 
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Fic. 2-2. Pulse-height versus applied-voltage curves to illustrate 
ionization, proportional, and Geiger-Miller regions of operation. 
[From C. G. Montgomery and D. D. Montgomery, J. Franklin Inst., 
231:447 (1941).] 


where C is the sum of the ionization-chamber capacity and C%, as discussed 
in Sec. 4-23. This region is referred to as the saturation region or the 
ionization-chamber region. 

In region III the collected charge is increased by a factor M through the 
phenomenon of gas multiplication. The electrons which are released in the 
primary ionization are accelerated sufficiently to produce additional ioniza- 
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tion and thus add to the collected charge. At the onset of region III, the 


multiplication M for a given applied voltage is independent of the initial . 


ionization, thus preserving the proportionality of pulse sizes. This strict 
proportionality breaks down with increase in applied voltage until, at the 
upper limit of region III, the pulse size is independent of the initial ioniza- 
tion. This region, in which gas multiplication is employed while at the 
same time a dependence of the collected charge on the initial ionization 
remains, is known commonly as the proportional region. The upper end 
of it is designated as the region of limited proportionality. 


In region IV the charge collected is independent of the ionization initi- | 


ating it. Rather, gas multiplication increases the charge to a value that is 


limited by the characteristics of the chamber and the external circuit. This 


region is known as the G-M region. 


2-2. Tonization-chamber Detectors 


An ionization-chamber detector can take many forms, as discussed in 
Chap. 4. However, a typical form consists of a cylindrical, conducting 
chamber containing a central conducting electrode located on the axis of the 
chamber and insulated from it, as in Fig. 2-1. The proper voltage is main- 
tained between the wall of the chamber and the central electrode to operate 
it in region II of Fig. 2-2. The gas contained in the chamber is often dry 
air at atmospheric pressure but it may be other gases chosen for particular 
properties. 

Ionization chambers are used to some extent for detection of all types of 
particles producing either primary or secondary ionization. An example of 
pulse-type operation is the measurement of the specific ionization and 
energy of highly ionizing particles such as alpha particles. In this applica- 

tion the ionization-chamber detector is used in conjunction with electronic 

equipment for pulse-height analysis.) In mean-level operation either the 
current is measured, yielding a quantity proportional to the rate of arrival 
of nuclear radiation, or the charge released in the chamber over a time is 
determined, yielding a quantity related to the total radiation incident on 
the chamber during the period of the measurement. Applications of the 
latter types are used widely in the monitoring of nuclear radiation for 
personnel protection. 


2-3. Proportional Counters 


In proportional counters the voltage applied between the collector elec- 
trode and the chamber wall is such that the detector is operated in region 
III of Fig. 2-2. Gas-multiplication factors as high as 10° or 10° are some- 
times employed. 

The most common applications of proportional counters employ pulse- 
type operation. Use is made of the fact that a gain in pulse size is achieved 
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while the dependence of pulse size on the primary ionization is preserved. 

The gas multiplication makes possible the counting of a given type of 
nuclear particle with less amplification in the associated electronic equip- 
ment than is needed with pulse-type ionization chambers. This simplifies 
the electronic equipment which is required. In addition, the proportional 
counter can be extended to lower-energy particles than can the pulse-type 
ionization chamber before the limitation set by the noise level of the elec- 
tronic amplifier is reached. 

The preservation of the dependence of pulse size on the primary ioniza- 
tion makes possible the discrimination between radiation types which differ 
in the primary ionization that is produced. For example, alpha particles 
can be counted easily in the presence of beta particles by making use of 
the large difference in the specific ionization of the two particle types; 
the smaller pulses produced by the beta particles can be rejected by the 
counting system. 


2-4. Geiger-Miiller Tubes 


Gas-type detectors operating in region IV of Fig. 2-2 are known as 
Geiger-Miiller (G-M) tubes. These detectors can be used for counting any 
type of nuclear particles which will produce ionization within the tube, no 
matter how small the amount of ionization. The G-M tube is widely used 
for counting electrons, beta particles, gamma rays, and X rays. It is ideally 
suited for these radiations since their small specific ionization makes them 
hard to detect otherwise. Alpha particles and highly ionizing particles are 
sometimes detected by G-M tubes. However, because of the short range of 
these particles, either tubes with thin windows are required or the source 
of radiation must be placed inside the tube. 

Because the pulse sizes in the G-M tube are independent of the primary 
ionization, this factor cannot be used 4s a measure of particle energy, nor is 
it possible to discriminate between different types of particles by means of 
the sensitivity of the electronic circuit. 


2-5. Scintillation Detectors 


When ionizing particles pass through certain crystals, flashes of light, or 
scintillations, are emitted. In the modern scintillation detector, this light 
is picked up by a photomultiplier tube, and the resulting pulse of current out 
of the photomultiplier indicates the passage of the ionizing particles through 
the scintillator. Under proper conditions, the resulting charge is propor- 
tional to the energy lost by the ionizing particle in the crystals. Thus, as in 
the cases of the proportional counter and the pulse ionization chamber, 
this detector can be used to measure the energy distribution of particles in. 
addition to counting them. 
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The scintillation detector has found use with all types of particles. At 
the present time it is the most versatile type of nuclear-radiation detector. 


2-6. Other Detectors 

Several other types of detectors are in use and are quite important for 
specialized detection problems. These methods will only be listed here and 
will be discussed in some detail in Chaps. 8 and 9. These detectors are 
cloud chambers, nuclear-track plates, erystbl counters, Cerenkov counters, 
chemical detectors, calorimetric methods, and various types of neutron 
detectors. 


SURVEY OF RADIATION-DETECTION SYSTEMS 
2-7. Particle Counting 


The commonest type of measurement performed with nuclear-radiation 
detectors is that of particle counting. The number of detector output 
pulses is the number of particles striking the detector multiplied by the 
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Fig. 2-3. Block diagram of a system for nuclear-particle counting. 
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efficiency of the detector.. In some applications the number of counts occur- 
ring in a measured time is determined. Such a detection system is referred 
to as a counter. These measurements can be converted to an average 
counting rate by dividing the total counts by the time.’ In other systems 
the counting rate is obtained directly by a determination, through an elec- 
tronic means, of the rate of arrival of the pulses. Such a system is called a 
counting-rate meter. 

Figure 2-3 is a block diagram of a nuclear-radiation-detection system for 
particle counting. The detector may be any of the preceding types which 
are capable of pulse-type operation. The output of the detector appears as 
a pulse of current at the input of the preamplifier. 

The preamplifier is located physically close to the detector. Often it 
only serves the purpose of impedance transformation; that is, it transforms 
the voltage which is developed across the small capacity at the input of the | 
preamplifier into an approximately equal voltage across the high capacity — 
of an output cable. The output cable may be quite long and may have a 
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total capacity of several hundred micromicrofarads. In systems requiring 
high total gain, the preamplifier provides a gain up to as much as 100 in 
addition to impedance matching. 

The over-all gain of the system, preamplifier and amplifier combined, 
depends on the size of the detector output pulses. Gains which are em- 
ployed vary from about 10 for a Geiger-Miiller tube to 10,000 or more for an 
lonization-chamber instrument. 

The discriminator passes only those pulses with a height exceeding a 
certain minimum. The action of the discriminator makes it possible to 
reject the smaller noise pulses while counting larger pulses from nuclear 
radiation. The discriminator also allows the counting of a given radiation 
type in the presence of other radiation-producing smaller pulses. The use 
of a proportional counter in this manner was discussed in Sec. 2-3. 

The output pulses from the discriminator are of a standard height and 
usually of a constant width. These go into the scaling stages. The func- 
tion of these stages is to divide the rate of occurrence of the pulses down to 
one which can be followed by an electromechanical register. These regis- 
ters have maximum counting rates varying from about 10 to 60 counts/sec, 
depending on the type. Since many counting applications require rates of 
several thousands or even tens of thousands counts per second, electronic 
scaling is employed. 

The most common scaling circuit makes use of scale-of-2 stages (see Sec. 
10-12). For each scale-of-2 unit one output pulse appears for two input 
pulses. Thus a series of n of these circuits gives a divjding factor of 2”. 

An important characteristic of a counting system is its ability to count 
accurately at high rates. This property is expressed as the resolving power 
of the system. The resolving time, which is inversely proportional to the 
resolving power, is defined as the minimum time which can elapse between 
the interactions of two successive particles within the detector if they are to 
produce two counts. In the case of a Geiger-Miiller tube, the minimum 
resolving time is limited by the characteristics of the detector. On the 
other hand, scintillation detectors, particularly those employing organic 
scintillators, are fast-acting, and the resolving time for these systems may 
be limited by the measuring apparatus. In proportional-counter and 
ionization-chamber instruments, the detectors and measuring apparatus 
present similar limitations on the resolving time. 

If the resolving time 7 is comparable with the average period between 
counts, an appreciable number of counts are lost. If m is the observed 
counting rate, then the fraction of the time which the counter system is 
insensitive is mr. Consequently, the number of counts lost per unit time is 
nmr, where 7: is the counting rate which would be observed if the resolving 
time were negligibly small. Therefore, 
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m 
1 — mr (2-4) 





or n= 


The correction given by Eq. (2-3) is often referred to as the dead-time 
correction. 

In particle-counting systems, the attempt is made to operate under con- 
ditions such that the counting rate for a fixed source is insensitive to changes 
in such factors as the high voltage applied to the detector. Curves of count- 
ing rate versus detector high voltage which exhibit such a region are said 
to have plateaus. A plateau may be described by its slope expressed in 
percentage change of counting rate per unit voltage increase and by its 
length measured in volts. 


2-8. Pulse-height Analysis 


Pulse-type detectors in which there is a proportionality between the 
height of the output pulse and the energy dissipated by the nuclear radia- 
tion within the detector make possible the measurements of the energy of 

nuclear particles. Measurements of this type are usually presented as 
energy-distribution curves; these may be either integral or differential 
curves. The latter curve is the type usually required. 

The integral energy-distribution curves are plots of N(E), the rate of 
occurrence of particles with energy equal to or greater than E, versus the 
energy E. The differential curves are plots of dN/dE versus E. Energy- 
distribution curves are commonly referred to as spectra, and the equipment 
for obtaining the curves is known as spectrometers. 

The energy-distribution curves may be obtained by measuring the pulse- 
height distribution of the detector output. The measuring apparatus for 
obtaining the pulse-height-distribution curves is known as a pulse-height 
analyzer. Integral pulse-height-distribution curves can be taken with 
counting apparatus such as that shown in Fig. 2-3, provided that the gain of 
the amplifier is independent of the pulse height and the discrimination level 
is adjustable over the range of pulse heights of interest. The first require-' 
ment, known as amplifier linearity, is necessary to maintain the proportion- 
ality between the height of the input and output pulses. Actually, the 
requirements of the amplifier and discriminator are considerably more 
severe for pulse-height analysis than for counting, so that the two types of 
apparatus are usually not employed incommon. The integral pulse-height- 
distribution curves are obtained from counting rates for various discrimi- 
nator settings, along with the knowledge of the pulse heights represented by 
the various discriminator settings. 

The differential curves might be obtained by differentiating the integral 
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curves. However, in many spectra the slopes change rapidly, and conse- 
quently accurate differential curves cannot be obtained in this manner. 
Accurate work requires the use of instruments which measure the slope 
directly; these devices are known as differential pulse-height analyzers. 
The block diagram of one type of pulse-height analyzer is given in Fig. 2-4. 
By this analyzer the rate of occurrence of pulses having heights between 
H and H + Ad is determined. The discriminator levels may be varied 
simultaneously, holding the difference AH, which is known as the window, 
ara Thus the differential curve of AN/AH versus H is determined di- 
‘rectly. As AH is decreased, this curve approaches the required differential 
pulse-height curve. 

The anticoincidence circuit of Fig. 2-4 passes to the counter only those 
pulses with heights between H and H + AH. This is accomplished by 
passing only those portions of the pulses from discriminator 1 which do not 


Discriminotor 1 

(Level H) 
Discriminator 2 
(Level H + AH) 


Fig. 2-4. Block diagram of a differential pulse-height analyzer. 
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arrive at the anticoincidence circuit in time coincidence with pulses from 
discriminator 2. 


2-9. Coincidence Measurements 


In many phases of nuclear-radiation detection, it is necessary to investi- 
gate time coincidence between nuclear events. In radioactivity measure- 
ments the study of coincidences between beta rays, gamma rays, X rays, 
etc., gives information on the decay schemes. In cosmic-ray physics, coinci- 
dence measurements make possible the study of the direction of incidence 
of the particles as well as the investigation of the simultaneous production 
of many particles. Delayed coincidences make possible the measurement of 
half-lives of the order of 1 usec or less. Other applications, too numerous to 
list here, have been made. 

A coincidence circuit is one in which an output pulse occurs only when 
suitable input signals appear at each of several inputs. In one simple 
coincidence circuit only two inputs are used. Two pulses, one in each in- 
put, will produce an output pulse if they appear in time coincidence. The 
condition for time coincidence requires that the time between correspond- 
ing points on the two pulses be less than 7, the resolving time of the coinci- 
dence circuit. With a fast-acting detector, such as the scintillation detector, 
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and an electronic amplifier with small rise times (see Chap. 10), resolving 
times as low as 10-° sec can be obtained. 

Because of the finite resolving time, two independent signals may give 
rise to an output signal due to chance coincidences. These chance coinci- 
dences need to be minimized relative to the true coincidences. If 7, and 
vz are the rates at which the pulses arrive at two respective inputs of the 
coincidence circuits, the rate of occurrence c of chance coincidences is 


c= 2rnite (2-5) | 


where rf is the resolving time. This expression follows since the probability 
that a signal at the first input be accompanied by one at the second input 
within a time +7 18 7%22r. 

2-10. Mean-level Detection Systems 


In several detection systems, the process of averaging the effects pro- 
duced by many nuclear particles is done within the detector; that is, the 
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Fic. 2-5. Method for measuring the current flow in an ionization chamber. 


individual interactions of the radiation with the detector are not resolved. 
A detector is employed in which each interaction makes a contribution to 
the output that is characteristic of the particle causing it. Such a system 
gives information concerning the amount of radiation striking the detector. 

Mean-level detection systems can be divided into those which measure a 
rate and those which determine a total over a time, i.e., perform an in- 
tegration. Systems employing ionization-chamber detectors serve as a 
good example of both methods of operation. 

Figure 2—5 illustrates an ionization chamber in a circuit for measuring the 
current released within the ionization chamber. The current 1s propor- 
tional to the intensity of the radiation striking the detector. For large- 
intensity radiation fields such as that found within a reactor shield or other 
high-level facility, the currents can be sufficiently large (perhaps a micro- 
ampere) to be measured directly by a conventional sensitive ammeter of 
the D’Arsonval type. However, in many applications the current is around 
10-2 amp or less. For these cases the current flow may be determined by 
measuring the voltage drop across a known resistor. The electrometer 


—_— 
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| employed is essentially a voltmeter with an input resistance high compared 
with the resistor R. 

For the measurement of the total radiation striking the detector over a 

time, a condenser-type ionization 

Detector chamber may be employed. Figure 
2-6 is a schematic diagram of this 
is ctetiaate system, including an_ ionization- 
voltmeter chamber detector, a battery for 
charging it, and a voltmeter for 
reading the residual charge. Plac- 
ing the switch in position 1 charges 
the chamber. If the switch is then 
placed in position 2 and the cham- 
ber is exposed to radiation, the reduction in stored charge will be equal to 
the total ionization produced within the chamber. 

In addition to ionization chambers, proportional counters, scintillation 
detectors, and crystal counters also can be used for rate measurements in a 
similar manner. Also, chemical detectors, calorimetric methods, and photo- 
graphic films are used extensively for the measurement of the total radia- 
tion over a period of time. 





Y) 





Fic. 2-6. Schematic diagram of a con- 
denser-type ionization-chamber _instru- 
ment. 


2-11. Other Detection Systems 


In addition to the detection systems discussed above, there are a number 
of other methods applicable to specific detector types. These include such 
methods as nuclear-emulsion and cloud-chamber techniques. Discussion 
of these and other specialized techniques is included in the chapters dealing 
with the specific detectors. 





CHAPTER 3 


STATISTICS OF DETECTION SYSTEMS 


The measurements of nuclear radiation which are carried out by the 
methods described in this textbook involve phenomena which are statistical 
in nature. The understanding of these statistical effects is important both 
from the standpoint of the design of the experiments and in the interpreta- 
tion of the results. The statistical nature of detection systems is discussed 
first for pulse-type counters and then is extended to mean-level detection 
systems. 


STATISTICS OF COUNTING 
3-1. Introduction 


The statistical nature of counting experiments can be introduced by 
considering a pulse-type detector, such as a Geiger-Miiller type, subjected 
to the gamma radiation emitted from a radioactive source. An experiment 
of this type involves statistical processes in both the emission of the radia- 
tion and the interaction of the radiation with the tube. 

Table 3-1 gives the background count taken in a typical radiochemistry 
laboratory by a Geiger-Miiller counter. The data are 30 separate measure- 
ments, each taken for a 1-min interval. The source of the radiation was 
“steady”; that is, during the 30 min while the measurements were being 
made, the source of the radiation did not change in its nature. Neverthe- 
less, the number of counts recorded per minute is clearly not uniform. This 
is the statistical nature of the phenomenon. 

One cannot speak of a true rate of occurrence of counts in a nuclear- | 
radiation detector but rather only of a true average rate. By the true 
average rate one means the value approached as the total number of counts 
employed for the determination of the average is increased. For the data in 
Table 3-1, the value most nearly equal to the true average for the 1-min 
interval is the arithmetic mean 7% of all the determinations. This is given by 


1 N 
i= Vu Ns (3-1) 
53 


54 NUCLEAR RADIATION DETECTION 


where n; 1s the number of counts in the 7th interval and N is the total num- 
ber of intervals. For the example given, 7% is 28.2 counts. 


TABLE 3-1. STATISTICAL FLUCTUATIONS IN RADIATION COUNTING 


Number of counts in _ 
1-min interval, 7; |i — | (i — ni)? 

29 0.8 0.64 
36 7.8 60.84 
19 9.2 84.64 
26 2.2 4.84 
24 4.2 22.48 
37 8.8 77.44 
35 6.8 46.24 
29 0.8 0.64 
30 1.8 3.24 
34 5.8 33.64 
27 1.2 1.44 
24 4.2 17.64 
32 3.8 14.44 
21 7.2 51.84 
14 14.2 | 201.64 
33 4.8 23.04 
30 1.8 3.24 
27 1.2 1.44 
28 0.2 0.04 
30 1.8 3.24 
35 6.8 46.24 
30 1.8 3.24 
27 12 1.44 
25 3.2 10.24 
24 4.2 17.64 
32 3.8 14.44 
23 5.2 27.04 
27 1.2 1.44 
33 4.8 233.04 
24 4.2 17.64 

Sum 845 815.04 
i= a = ~ = 28.2 counts 


By the use of statistical analysis, estimates can be made of the accuracy 
of counting determinations, and counting procedures can be devised which 
will minimize errors due to the random nature of the process. In addition, 
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the apparatus can be tested for fluctuations due to causes other than 
statistical by comparing the actual distribution in counts with that pre- 
dicted by the statistical law. 


3-2. Binomial Distribution 

The binomial distribution is the statistical law which is followed. Con- 
sider a very large set of objects consisting of two classes, say A and B. 
Let p represent the probability that any object selected at random will be 
of class A; then 1 — p is the probability that it will be of class B. The prob- 
ability W(n) that exactly n of No objects selected from the set will be of 
class A can be shown to be 


Wn) = ayer — Bo (3-2) 


n) In! 
This equation is known as the binomial distribution. because the term 
N.!/(No — n)!n! is the coefficient of the nth term in the binomial expansion 
of (1 + 2x) %. 
The average value 7 is given by pN.. The deviation from the average 
may be expressed as the root-mean-square deviation called the standard 
deviation o. The standard deviation is given by 


= Gm = SH — 0) Wn) (3-3) 
Expanding this, 
n=, 
o? = me wW(n) — > 27nW (n) + = n’W(n) = n? — 7 
where . (3-4) 
ni = a n2W (n) (3-5) 
In this calculation, 
n=aN, 
ee (3-6) 


When Eq. (3-5) is evaluated [1], using the binomial distribution, and is 
substituted into Eq. (38-4) along with the value % = pN,, the standard 
deviation becomes 


o = [Nop(1 — p)]* (3-7) 


vf 
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3-3. Binomial Distribution for Radioactive Decay 

Consider the radioactive decay in the time ¢ of a system containing N,. 
radioactive atoms. These N, atoms can be divided into two groups, those 
that decay in time ¢ and those that do not decay. The probability that a 
given atom does not decay is simply e-, where A is the decay constant for 
the species in question. It follows also that the probability p for decay is 


p=li-e™ (3-8) 


Using Eq. (3-2), one has for the probability W(n) that n atoms will 
decay in time ¢ 


Wn) = ay api (l — eM MYO (3-9) 
The true average number decaying in time ¢ 1s 
nm = N,(1 — e) (3-10) 
Therefore the standard deviation is 
ao = [N.(1 — e)e-*]4 = (He) 5 (3-11) 


~ For Xt < 1, that is, for observation times short compared with the half-life, 
the standard deviation is simply 


o = (n)4 (3-12) 


If c denotes the probability that a disintegration results in a count, then 
p, the probability of an atom producing a count in time £, is 


p = (1 — e™)e (3-13) 
Again for the condition At « 1, Eq. (38-12) holds, with 7% representing the 
average number of counts. 
3-4. Poisson and Gaussian Distributions 


Under the restrictions t « 1, No > 1 and n « Nz, the binomial-distribu- 
tion law for radioactive decay can be put into a more convenient form. 
To accomplish this, the following mathematical approximations are used: 


Oo ~1Lte (3-14) 
a! (24r2r)4 e-* x? (3-15) 
sy mel 8) 
(1-5) =m Ae oar 
Upon making these substitutions, Eq. (8-9) becomes 
no—h 
W(n) = (3-17) 





n! 
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This distribution law is known as Poisson’s distribution. It is a good 
approximation for No as small as 100 and At as large as 0.01. 





Equation (3-17) is defined only for integral values of n. However, a 


smooth curve can be drawn through these points. This leads to an un- 


symmetrical curve for small values of 7%. Figure 3-1 shows the Poisson. 


distribution for 7% = 20. As the value of % increases, this curve becomes 
more symmetrical. 
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Fig. 3-1. The Gaussian or normal! distribution as an approximation 
of the Poisson distribution at an average value of 20. 


Under the approximations that n is large (say > 100) and that |n — n| 
< 7i, Eq. (3-9) can be approximated by [2] 
— {mn =< 2 
W(n) = (2x%)—*4 exp ewe (3-18) 


which is the Gaussian, or normal, distribution law. This distribution is 
also presented in Fig. 3-1 for % = 20, an average considerably lower than 
that for which the approximation is good. 

If the absolute deviation from the mean |% — n| is given the symbol e, 
Eq. (3-18) becomes 


W(e) = Clr)" ene (3-19) 


The probability P(ko) of obtaining an absolute deviation greater than ko 
is obtained by evaluating the expression 


P(ko) = L We) de (3-20) 
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Numerical values of this integral are found in probability tables [3]. Some 
values which are referred to in the succeeding sections appear in Table 3-2. 


TABLE 3-2. PROBABILITY OF EXCEEDING GIVEN DEVIATION 


la — nf] 


k 0 0.6745 1.000 1.6449 1.9600 
g 
P(ke) 1.000 | 0.5000 0.3173 0.1000 0.0500 
Nine- Ninety-five- 
Terminology § | ..... PROD eDe: || SANGER seeathe. || nundredtlia 


error error 
error error 


Example 3-1. If the true average for a given time interval is 100 counts, determine 
the probability of obtaining 105 counts for the same time interval and that for obtaining 
an absolute deviation from this true average of greater than 5. 

Solution. The standard deviation o is (100)*4 = 10; therefore k is 5{9. By tables of 
the normal-error curve, the value of the ordinate (2/x)’4e—**? is 0.3521. Therefore the 
probability is 0.3521/o0 = 0.03521 of obtaining 105. By the same tables, the area under 
the probability curve from k equals 0 to 0.5 is 0.1915. Therefore the probability of 
exceeding a deviation of 5 is 1 — 2(0.1915) = 0.617. 


3-5. Accuracy of Counting Measurements 


In most counting equipment the errors introduced by the processes of 
totalizing the counts and measuring the elapsed time are negligible com- 
pared with the statistical error. Based on this assumption, the accuracy of 
the counting determinations can be estimated. The standard deviation 
will be used for the precision index in the following discussion. Of course, 
this can be changed readily to other types of errors by multiplying by the 
appropriate values of k listed in Table 3-2. 

The case of greatest applicability is that in which Xé is much less than 1. 
For this condition, o? was found to be the true average number of counts 
for the time interval in question. In the usual case the true average is not 
known. Rather, a single determination of n counts is made. This value is 
reported as n + n%. The meaning of the precision index is that there are 
only about 32 chances out of 100 that the true average number of counts 
for this time interval differs from n by more than n’4. Here it is assumed 
that 


n™~Ti = o? (3-21) 


As an example, consider the data in Table 3-1. The value of % is 28.2 
counts. For the first interval counted, n + (n)% is 29 + (29); these limits 
include 7%. The results for the next two intervals, being 36 + (36)% and 
19 + (19)%, do not include %. Eight of the thirty intervals, or 27 per 
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cent, do not contain 7% in the interval defined by these standard-deviation 
calculations. 

If n is the number of counts totalized over a time interval ¢, the counting 
rate r 1s 


= 


«|S 


(3-22) 
This value with its standard deviation may be stated as 


n ns r\ 4 
ro =F 4 =r4(7) (3-23) 


' 
Stated in terms of percentage error, this is 
100 100 
rt (ri) =rt 0 (3-24) 
Table 3-3 gives the percentage errors for several values of n. 


TABLE 3-3. ToTAL Counts REQUIRED FOR GIVEN ERROR 


Counts 
Error, % Standard Probable Nine-tenths 
error error error 
0.1 106 4.5 X 10° 2.7 X 108 
0.3 1.1 X 105 5.1 10! 3.0 X 105 
1 104 4.5 X 10° 2.7 < 10° 
3 1.1 < 10? 506 3.0 X 103 
10 100 45 271 





When several quantities having standard deviations oi, 02, + + + , on arc 
combined by either addition or subtraction, the standard deviation oa, of the 
result is 


og = (or to?te +++ a,2)% (3-25) 


The absolute values rather than the fractional or percentage values of the 
errors must be used in Eq. (3-25). 

As an example, consider a background counting rate of r, + o, and a total 
counting rate, due to both the source and the background, of rr + or. 
The counting rate r, due to the source only is 


Tr, 40, = (rr — 1) + (co? + o7’)% (3-26) 
3-6. Design of Counting Experiments 


The application of the previous results makes possible the calculation of 
the number of counts required for a given accuracy. The judicious use of 


_ 


—_— 
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these results can often save time in counting experiments by eliminating 
useless counts. 

When a single count determination is to be made, the results in Table 3-3 
can be applied directly. A more common measurement consists of the 
determination of r,, the net counting rate due to a source, from a total 
counting rate rr and a background counting rate r.. The optimum divi- 
sion of time between the determination of rr and 7m to obtain the highest 
accuracy in a fixed time can be calculated. Two types of situations should 
be considered in this regard. 

If it is required to make a series of counts on different samples and if 
during the counting period there is no reason to suspect a change in the 
background counting rate, it will usually be advantageous to make rela- 
tively accurate background measurements so that o is negligible, say an 
order of magnitude smaller than cr. It is advisable to take several such 
measurements to check the constancy of the background. As an example, 
one determination can be made at the beginning and another at the end of 
each day’s measurements. 

The other situation is that in which a fixed time is available for making 
both a total-counting-rate and a background-rate determination. If t and 
tr are the times taken for the background and total activity counts, respec- 
tively, then o,, the standard deviation of the net counting rate, is, from 
Eqs. (3-26) and (3-23), 


a=(+5 =) (3-27) 
By differentiation, 


2c, do, = ——~ dbs — pate 


t,? 
Setting do, = 0, the condition for minimum error, and d& + dir = 0, the 
condition for constant time, ~ result 


2 = (2 ny" (3-28) 


is obtained for the optimum use i the counting time. To determine this 
ratio at the start of the experiment, approximate values of the two rates as 
determined by short counting times are adequate. 


Example 3-2. One hour is available for a counting-rate determination including the 
background measurement. What is the optimum division of time between sample and 
background counting if the accuracy is to be the largest possible in the allowed time? 
Case 1: approximate total and background rates of 1,000 and 20 counts/min, respec- 
tively; case 2: 60 and 20 counts/min, respectively. Calculate also the percentage 
accuracy obtained in each case. 

Solution. By Eq. : —28), 


ao *)” ta) = 0.14 for case 1 
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and 0.575 for case 2. Since & + tr = 60 min, tr and & are 53 and 7 min, respectively, 
for case 1, while their values are 38 and 22 min for case 2. 
The percentage accuracy is obtained from Eq. (3-28) and the meaning of per cent as 


(rr/tr + re/ts)4 i ggo7  {1,000/53 + 20/7) 


rr — 1p 1,000 — 20 100% = 0.3% 


for case | and 


ee 
one sue) 100% = 49% 


for case 2. 


The question as to when a counting rate represents a change greater than 
statistical fluctuations from a previously determined rate can be investi- 
gated by use of the statisticians’ concept of level of significance [4]. The 
ninety-five-hundredths error, referred to as the 0.05 level, is often used 
for this purpose. As an example, if measurements of a counting rate exceed 
an accurately determined background rate by more than the 0.05 level of 
significance, the increase is said to be significant, since it is greater than that 
expected due to statistical fluctuations. 

An additional application of statistics to counting comes through the 
guidance it provides in the rejection of data. Chauvenet’s criterion [2] is 
frequently used for this purpose. The criterion states that any one in a 
series of m readings will be rejected when its deviation from the mean of the 
series is such that the probability of the occurrence of all deviations from 
the mean that are as large or larger is less than 1/2m. Table 3-4 gives the 
magnitude of this deviation in terms of multiples k of o for several values 
of m. 


TABLE 3—4. MaxiMuM ACCEPTABLE DEVIATIONS IN ACCORDANCE WITH 
CHAUVENET’S CRITERION 


No. of readings, m............. | 2 | 3 | 4 | 5 | 7 10 | 15 25 


k, ratio of deviation to standard 
deviation................... 




















1.54 | 1.65 | 1.80 | 1.96 | 2.13 | 2.33 


3-7. Test of Counting Equipment 


When counting equipment is suspected of recording spurious counts 
arising from factors other than the nuclear radiation, this can be checked 
by comparing the deviations in the results for successive measurements. 
One method [5] consists of calculating the standard error of the difference 
between two counting-rate determinations on the same source and compar- 
ing this with the observed difference between the two determinations. The 
standard error of the difference of two counting rates r; and r, taken in time 
intervals ¢, and &, respectively, is, by Eqs. (3-23) and (3-25), 


— (1 4 ™\% a 
ca (r+? (3-29) 
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The probability of observing an absolute difference |r; — r2| in counting 
rates equal to or greater than ko is given in Table 3-5 for several values 


TABLE 3-5. PROBABILITY P oF OBTAINING |r, — 73| > ko 


P 0.159 | 0.115 | 0.081 | 0.055 | 0.023 | 0.006 | 0.001 | 0.00003 


of k. If the probability of the observed deviation is less than 0.05, it is 
likely that the deviations are due to causes other than the statistical nature 
of the disintegration process. 


Example 3-3. Two counting rates of 1,010 and 1,069 counts/min are obtained by 
two 10-min counts of a source with long half-life. Does the counting equipment appear 
to be operating normally? 

Solution. By Eq. (3-29), 


Ty be) ‘ 
o = | — +— = 14 counts/min 
ty ts 


Therefore k = 5%4 = 4.2. From Table 3-5, the probability of obtaining this difference 
because of statistical fluctuations is less than 3 in 100,000. Therefore it is quite certain 
that the counter is receiving erratic counts. 


One further useful technique in this regard is the so-called ‘chi-squared 
test’’ [6]. This test allows the evaluation of the probability that a given set 
of data follows the Gaussian distribution. To make this test, the quantity 
x?, defined as 


Rana 


am | 


2 = 
Ne ea (3-30) 
is calculated. Here N is the number of times that a given counting deter- 
mination is made, n; is the value obtained in the ith measurement, and 7 is 
the average value. Tables which give the probability P of obtaining given 


values of x? for various values of N are available in Ref. 6. 


Example 3-4. What is the probability that the data in Table 3-1 follow the Gaussian 
distribution? 
Solution. The quantity x? is 


x (7 ==: n,)? 


sete 815 


x= Gq * agg = 29 


and the probability that the distribution is Gaussian is given by Ref. 6 as 0.5. 
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MEAN-LEVEL SYSTEMS 
3-8. Statistical Considerations in Mean-level Detection Systems 


The previous considerations can also be applied to estimate the statistical 
variations in detection systems other than counters. The example con- 
sidered is the mean-level ionization chamber, of both the integrating and 
the rate type. 

In the integrating-type chamber a measurement is made of the charge 
which is released by the ionization in a fixed time interval. If Q is the total 
charge released and q is the total charge released per nuclear particle which 
interacts with the chamber, then n, the number of particles interacting, is 


Q 
n=— 3-31 
; (3-31) 
The fractional value of the standard deviation in n due to the statistical 
nature of the decay process is (Q/q)—*4 , and one can write 


og = @) (100%) = (Qq)* (3-32) 


This consideration neglects the fluctuations in the value of gq, the charge 
produced per particle. Therefore the actual statistical variations will be 
at least as great as that given by Eq. (3-32). 


Example 3-5. Compute the standard deviation in the charge collected in an ionization 
chamber if the magnitude of the charge is 10~4* coulomb and it is known to be produced 
by beta particles dissipating an average of 20 kev/particle in the chamber. 

Solution. Taking the energy to produce an ion pair as 32.5 ev, q is 


q = 20. X 10)(1.6 X 107") 


= ~17 
390.5 9.84 X 10-7 coulomb 


Therefore og is 


9.84 X 10-1"\% 
oo = ost xe} (100%) = 0.94% 


In the rate-type ionization-chamber instruments such as that shown in 
Fig. 2-5, the instantaneous value of the meter output fluctuates even though 
the source of radiation has a constant average value. These variations are 
contributed to by the exponential discharge-charge characteristic of the 
input circuit, as well as by the statistical variations in the rate of arrival of 
the radiation. The amount of fluctuation changes with the time constant 
of the circuit. The time constant is the product of the input resistance R 
of the electrometer which follows the chamber and the total input capacity 
C of the circuit, as discussed in Sec. 4-11. Increasing the time constant 
tends to smooth out the current fluctuations. The standard deviation or 
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of an instantaneous value taken at random, under equilibrium conditions, 
is 


_ (4 x Z 
or = (orc (3-33) 


where J is the average current. This is obtained as follows: The charge on 
the capacitor at time é is that remaining from the charge contributed over 
the preceding period of operation. Thus, of the average charge rq dt which 
is produced between ¢ and ¢t + dt, the quantity rq exp[—(t. — t)/RC] dt 
remains, where r is the average rate of occurrence of the particles. The 
standard deviation of the charge produced between ¢ and ¢ + dt is given by 
Eq. (3-12) as q(r dt)“. The contribution of this deviation to that at t, is 
g(r dt) exp [— (to. — t)/RC]. Since the individual contributions are inde- 
pendent, the square of their deviations can be added to obtain the mean- 
deviation square oq’ of the net charge. Therefore, 


co? = f bo q’r exp cone dt = Tee (3-34) 
Using the relationships rq = I and I = Q/CR in Eq. (3-34) leads to Eq. 
(3-33). Expressed as a relative value, the standard deviation is 


Example 3-6. Consider a current-type ionization-chamber instrument used to 
measure the current from an alpha source. What is the expected standard deviation in 
a single reading when the average current is 10~'? amp, if the input time constant is 2 
sec and each alpha particle produces 105 ion pairs? 

Solution. By Eq. (3-33), 


4 _ [ (10*)(1.6 X_1071*)(10-12) ]4 


_ 10-14 
a = (54, (2) (2) 6 X 10-' amp, or 6% 


The accuracy can be improved by taking the average of several instanta- 
neous readings or, better, by taking the time average of the recorded out- 
put. This latter average is the line on the recorder trace drawn in such a 
manner that the first moment vanishes. The ratio of the standard devia- 
tion or of the time average over a time 7' to a, that of a single reading, 
has been shown [7] to be 


The results given above are also applicable to counting-rate meters of 
the type discussed in Chap. 10. For this application the time constant is 
that of the integrating circuit of the counting-rate meter. 
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PROBLEMS 


3-1. The disintegrations from a radioactive sample are being counted. The true 
average counting rate is determined to be 12 counts/sec. Using Poisson’s formula, 
determine the probability that the number of counts in any one second will lie between 
19 and 21, inclusive. 

3-2. Consider 1,000 measurements of a radioactive-decay phenomenon, each made in 
a fixed time interval. Assume that the time required to make these measurements is 
small compared with the half-life of the radioisotope. 

a. If the average number of counts per interval is 10, how many of the 1,000 trials 
should yield exactly 10? Exactly 5? 

b. What is the standard deviation on the average 10, and what is the meaning of 
this a? 

c. What is the standard deviation of a single one of the thousand measurements, and 
what is the meaning of this deviation? 

3-3. Living or once-living matter contains a small C"™ activity. This activity is 
believed to arise from bombardment of atmospheric nitrogen by cosmic-ray neutrons, 
chiefly in the upper atmosphere. This radiocarbon enters living systems by exchange 
processes and reaches an equilibrium concentration. After death, exchange stops, and 
the amount of radiocarbon decreases with the half-life of C'*. By comparing the specific 
activity in the dead material with that in the atmosphere, the time since death can be 
computed. In a particular experiment of this sort, the total counting rate was about 
14.0 counts/min, and the background was 9.5 counts/min. How long would it take to 
measure the activity due to C™ to a precision of 4 per cent? How long would it take if 
the background were twice as great? 

e 3-4. Prove that the accuracy that can be obtained in a fixed counting time increases 
as the square root of the counter efficiency, provided that the efficiency for counting the 
sample activity and the background both increase by the same amount. 

3-5. The background counting rate and the total counting rate are 500 + 20 and 
750 + 25 counts/min, respectively, where the error quoted is the standard deviation. 
Compute the absolute value and the percentage value of the standard deviation for the 
net counting rate. 

3-6. A sample was counted for 8 min, and the average counting rate was 25.0 counts/ 
min. The background was counted for 4 min and averaged 18.0 counts/min. What is 
the probable error for this determination of the sample activity? 

3-7. Show that the probability of obtaining an error of 1.96¢ is 0.05. (Norse. This 
error is referred to as the 0.95 error.) 

3-8. It is desired to make a measurement of the counting rate due to a radioactive 
sample to the largest possible accuracy in a time of 10 min. The counting rate due to 
the sample is the difference between the counting rate due to the sample plus background 
and that due to background only. A 1-min count with and without the sample resulted 
in 980 and 42 counts, respectively. What would be the optimum counting schedule 
with and without the sample, and what would be the accuracy of the result? 

3-9. Two successive measurements on a single source, each for the same duration of 
time, yield 4,012 and 4,067 counts, respectively. Is this amount of deviation normal? 

3-10. Five successive readings of a given phenomenon yield counts of 1,010, 1,018, 
1,002, 950, 1,060. If it is desired to compute the most significant average from this 
data, should any of these counts be rejected? 

3-11. Apply the ‘“‘chi-squared” test to determine the probability that the spread in 
the data given in Prob. 3-10 is due to statistical variations. 

3-12. A condenser-type ionization chamber is used to integrate the gamma-ray dose 
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accumulated in a region. If the mean distance which the secondary electrons travel 
through the air of the chamber is 1 cm, estimate the standard deviation of the accumu- 
lated dose when the total charge that is released is 10~" coulomb. 

3-13. A rate meter employing an ionization chamber is equipped with a recorder. 
The average current is 107! amp in a certain gamma-ray field. The time constant of 
the input circuit is 2 sec, and the average energy loss per secondary electron passing 
through the chamber is 500 ev. Compute the standard deviation of an instantaneous 
reading of the recorder and of the average of the recorder trace over a 1-min interval. 
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CHAPTER 4 


IONIZATION CHAMBERS 


An ionization chamber operates by collecting ionization that is produced 
within it. If this detector is to be used for quantitative measurements, it 
must furnish an output having a definite relationship to this ionization. 
This requires that a known fraction of the charge that is produced in the 
chamber be collected. In pulse-type chambers the time dependence of the 
charge collection is another important consideration, as it affects the pulse 
shape. As a background for these discussions, the motion of electrons and 
ions in gases will be treated briefly. 


MOTION OF ELECTRONS AND IONS IN GASES 
4-1. Introduction 


The ionization of a gas by nuclear radiation consists of the removal of 
one or more electrons from a number of gas molecules; thus positive ions 
and free electrons are formed. The behavior of these charged particles 
after formation depends on the conditions within the chamber, including 
the type of gas and the electric field. 

The free electrons make many collisions with the gas molecules as they 
move about. The average distance traveled between collisions, i.e., ne 
mean free path, in a given type of gas is inversely proportional to the num- ' 
ber of molecules per unit volume. For most common gases the mean free 
path at normal temperature and pressure lies in the range from 5 X 10-5 
to 3 X 10-*cm. Precise values have been tabulated by Staub [1]. 

The direction of the electron motion is random. However, there is a net 
drift in the direction opposite to that of the electric field. The average 
drift velocity w is given in terms of the quantity u, known as the mobility, 
by the expression 


E 
w= p— 4-] 
MD (4-1) 
where E is the electric-field strength and p is the gas pressure. The quantity 
p varies with the type of gas; in addition, it depends strongly on both the 
electric-field strength and the gas pressure. Tabulations valid over limited 
67 
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ranges of pressure and electric-field strength are available [1] for several 
gases. For most gases the order of magnitude of uv for electrons is 10 
(cm/sec)(volts/cm)—! (mm Hg) for low values of E/p. However, for E/p 
greater than about 1 to 10 (volt/cem)(mm Hg)", the electron drift velocity 
approaches a constant value of about 10° to 10’ cm/sec. 


Example 4-1. Estimate the drift velocity of electrons in a parallel-plate ionization 
chamber containing argon at atmospheric pressure, if the applied voltage is 1,000 volts 
and the plate spacing is 2 cm. 

Solution. By use of Eq. (4-1), 


sie - 21,000/2 





= 0.66 X 10° cm/sec 


where » is approximated by 10°. 


There is a tendency for the electrons to attach themselves to the neutral 
atoms or molecules with which they collide, thus forming negative ions. 
_ The electron attachment coefficients is defined as the probability of attach- 
. ment per collision of an electron with neutral molecules (or atoms). Values 
[2] of the attachment coefficient vary widely with the gas type. In addition, 
h depends strongly on the electron energy and therefore on the electric- 
field strength. The halogen gases form negative ions quite easily, having 
values of h around 10-*. Oxygen and water vapor also have large electron 
affinities, the value of h being about 10-*. On the other hand, a number of 
gases, including argon, hydrogen, nitrogen, carbon monoxide, methane, and 
ammonia, have coefficients of 10-* or smaller. The prevention of the forma- 
tion of negative ions requires that 1/h, the number of collisions required 
per attachment, be large compared with the number of collisions undergone 
by the electron in passing to the collector electrode. The latter depends 
on the gas pressure, electric-field strength, and dimensions of the chamber. 
To prevent negative-ion formation, the halogen gases, oxygen, and water 
vapor must be avoided. For example, in precise energy measurements by 
means of an electron pulse chamber (see Sec. 4-28), the oxygen content in 
the filling gas must be less than 50 parts per million. 

When positive ions and negative ions (or electrons) exist in the same 
region, there is a tendency for them to recombine to form neutral mole- 
cules. The number of recombinations per unit volume per unit time is 





a = on = —anyn_ (4-2) 
where n, and n_ are the density of positive and negative charges, respec- 
tively, and a is the recombination coefficient. In air, a is 10-* to 2 X 10-* 
cm?/sec when the negative charge exists as negative ions and from 10-7 
to 10—'° cm?/sec for electrons. This relationship assumes that the ioniza~ 
tion is uniformly distributed throughout the region. When high local 
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densities of ion pairs are present, such as along the tracks of alpha particles, 
the local recombination rate is correspondingly much higher. 


Example 4-2. Compute the equilibrium density of positive and negative ions in a 
region of air at which the ionization is being produced at the rate of 1 esu/(hr)(em?*) and 
the only loss of charge is by recombination. 

Solution. Since the net charge is zero, n, = n_. Therefore, 

a 
or 





pipet 
pe (4.8 X 107!°)(3,600)(2 * 10-*) 
= 5.4 X 10° ions/cm? 


The mobilities of positive and negative ions are much smaller than those 
of electrons. Also, in contrast with electrons, the mobility for ions is quite © 
insensitive to changes in the electric-field strength and the gas pressure. 
Table 4—1 lists ny and u_, the mobilities of positive and negative ions, 
respectively, in several gases of interest in ionization chambers. 


4-2. Electron and Ion Current in a Gas 


The motion of electrons and ions through the gas may result in the net 
transfer of charge. This net transfer can be expressed as a current density 
jgiven by 


j=ji+j- (4-3) 


TABLE 4—1. MosILitizs OF PosiITIVE AND NEGATIVE Ions 
In UNITs oF (cM/S8EC)(VOLT/CM) —!(MM HG)* 





Carbo 
Gas Air Argon Hydrogen | Nitrogen aio a 
be 1,070 1,040 4,300 980 600 
be 1,350 1,290 6,500 1,380 720 


* From “International Critical Tables,’’ vol. VI, McGraw-Hill Book Company, Inc., 
New York, 1929. 


where j, and j_ refer to the current density due to the positive and negative 
charges, respectively. 

A current may occur, even in the absence of an electric field, because of 
the nonuniformity of the charge distribution. The positive and negative 
components of this current, that is, jp, and jp_, can be expressed in terms 
of the diffusion coefficients D, and D_ and the gradient of the charge 
density as 

Jp —eD+ grad n+ (4-4) 
and jo. = eD_ grad n_ (4-5) 
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For positive and negative ions, the diffusion coefficient can be approximated 
from the mobility by the expression 


D(cm?/sec) = 3.3 XK 10-*u (4-6) 


When an electric field is present, there will be a net drift of the charged 
particles in a direction parallel to the field. The currents jz, and jg_ due 
to this cause will be 


Jz, = niews (4-7) 
jz. = — n_ew_ (4-8) 


where w, and w- are the drift velocities of the positive and negative 
charges, respectively. Equation (4-3) becomes 


j = e(nuwy, — n_w_ — D, grad n, + D_ grad n_) (4-9) 


and is known as the diffusion equation. 

In a region where charges are present and several processes including 
current flow, charge production, and recombination are taking place, the 
rate of change of charge density dn/dt can be expressed by application of 
the principle of conservation of charge. The contribution (dn/dt); due to 
current flow is —div (j/e). This follows from consideration of a bounded 
region and equating the rate of flow of particles from it to the rate of change 
of the number in the region. Thus, 


fs, mJ (2) _ 
“J ickd4=-J \o av (4-10) 


where k is the unit vector normal to the surface. Applying the divergence 


theorem, 
Yara [ (Bar a 
1 divjdV = , \di a | (4-11) 
Consequently, 
: j+ ° dn4. 
div < = div (nw) = DV ?n4 a — (4-12) 
i 
te : dn_ 
and div? = div (n_w_) — D_V?n_ = et (4-13) 
? 


Letting N. represent the time rate of production of ion pairs per unit volume 
and an ,n_ the rate of recombination per unit volume, the total time rate 
of change of positive- and negative-ion density becomes 

dns 


TEx D+ Vins — div (nyws) — anyn_ + No (4-14) 
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dn_ 


and “dt. 


= D_V*n_ — div (n_w_) — anyn_ + N,Q (4-15) 
respectively. 


4-3. Current Flow in Ionization Chamber with Constant Ionization 


Figure 4—1 is a schematic diagram of a parallel-plate ionization chamber 
incorporated in a circuit which measures the current flow. The electrode 
to which the measuring instrument is attached is referred to as the collecting 
electrode. Its potential varies with the current flowing through the cham- 
ber. The other electrode is held at a potential V above ground by means of 
the battery. This electrode is sometimes called the high-voltage electrode. 


High-voltage High-voltage 
electrode insulators 


















Low-leakage  Guord 
insulator 


Collecting 
voltage 


Fig. 4-1. Schematic diagram of a parallel-plate ionization chamber. 


The collecting electrode is supported by an insulator from the instrument 
housing as js also another electrode known as the guard electrode or guard 
ring. The guard electrode is maintained at a potential near that of the 
collector, in this case the circuit ground. One of the functions of the guard 
ring is to shape the electric field near the extremities of the collecting elec- 
trode, thus defining accurately the volume from which ionization is col- 
lected. This volume is known as the sensitive or active volume of the 
chamber. Provided that both diffusion and recombination are neglected, 
the equilibrium current flow J, to the collecting electrode is 


I,=e J N.(z,y,2) dx dy de (4-16) 


where N,(z,y,z) 18 the number of ion pairs produced per unit volume per 
unit time at the point x,y,z and the integral is taken over V,, the active 
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volume of the chamber. The rate of production N. is considered to be 
constant with time. Equation (4-16) simply states that the charge is 
collected at the electrodes at the same rate it is formed in the active volume. 
This current J, is referred to as the saturation current. 

The approximations of neglecting diffusion and recombination in Eq. 
(4-16) have been discussed by Rossi and Staub [3]. The correction for 
recombination is significant only for gases containing negative ions rather 
_ than free electrons, and in these cases only for very high rates of ion produc- 
: tion and moderate field strengths. The fractional loss in the saturation 
current due to recombination, designated as (6/,/I.s)rec, 18 calculated as 


p 4 S,,oms4n_ dx dy dz 


Te)rue Sy, Nolyy,2) dz dy de Td) 


For a parallel-plate ionization chamber with plate spacing d, the charge 
densities n_(x) and n,(z) between the plates at a distance x from the 
negative plate are given by the expressions 

(d — 2) 


Nx = N, 
Gs and | n+(x) = Ws, 





n(x) = (4-18) 


where, as a first approximation, recombination and diffusion are neglected. 
Taking N, as independent of position, the substitution of Eq. (4-18) into 


Eq. (4-17) leads to 
éI, Nd? 
wlth ) ei - a (4-19) 


Example 4-3. Calculate the maximum fractional loss of saturation current by 
recombination in a parallel-plate ionization chamber with a plate spacing of 2 cm and 
an applied voltage of 200 volts, provided that the gas in the chamber is air at atmospheric 
pressure. Assume that the chamber is irradiated uniformly throughout with gamma 
rays so that the rate of production of ionization is 1 esu/(cm#) (sec). 

Solution. For the worst case, assume that all the negative charges exist in the air 
as negative ions, for which the recombination coefficient with positive ions is 2 < 10-° 
cm?/sec. By Eq. (4-1), the drift velocities of the ions are 

usE _ (1,070)(200) 
wo, = “p= (760)(2) = 140 cm/sec 
using the mobilities in Table 4-1. Similarly, w. = 177 cm/sec. By Eq. (4-19), the 
fractional loss by recombination is 


— (2) 2X10 9@08 x ye" 
I,J sec (6) (140) (177) 





= 0.11 


where 2.08 X 10° is the number of ion pairs corresponding to 1 esu of charge. 


Diffusion causes charges to move in directions not necessarily parallel 
to the electric field. The net flow due to diffusion is in the direction of the 
gradient in the ion density. Thus, if such a gradient exists, the charge may 
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flow in or out of the active volume, depending on the sign of the gradient. 

Further, even if the rate of production of ionization is constant throughout 

the system, there will still be a gradient in charge due to the current flow. 

The drift of ions toward the collecting electrodes tends to make the density 

of positive ions a minimum at the positive electrodes, increasing to a 

maximum at the negative electrodes, and vice versa for the negative 

charges. The ion gradient causes a diffusion current to flow in a direction | 
opposite to that produced by the action of the electric field. The fractional 

loss in saturation current due to this latter diffusion phenomenon is given 

by theory [3] for a parallel-plate ionization chamber as 





5I,\ ° kT 
-(#),,-% wm 
where e = ratio of mean energy of ions with and without electric field 


present 
k = Boltzmann’s constant 
T = absolute temperature 
V = voltage between plates 
When Eq. (4-20) is evaluated at room temperature, it becomes 


sI,\ 2.5 X 107? 
-(4),_ ~ V(volts) a 


Thus, since e may be of the order of several hundred for electrons but is . 
around 1 for negative ions, the diffusion loss is important only for gases 
having largely electronic current. For this case, however, Eq. (4-21) indi- 
cates that the diffusion loss can be quite significant. 

The current-voltage characteristic of an ionization chamber depends on 
the chamber construction, its filling gas, and the intensity and type of the 
radiation to which it is exposed. As an example, Fig. 4—2 is a diagram of a 
cylindrical ionization chamber [4], and Fig. 4-3 shows its current-voltage 


High-voltage electrode 








Insulotor 


Caddie a 


pre TA 


Main insulotor 
(polystyrene) 


Collector electrode 


Fia. 4-2. Schematic diagram of a cylindrical ionization chamber for meas- 
urements on gaseous C'. (From C. J. Borkowski, U.S. Atomic Energy 
Comm. Document M DDC-1099, 1947.) 


74 NUCLEAR RADIATION DETECTION 


| ae eee 


5 
i es 
J 
| 


“h 


7 


ERS 





0 
Applied voltage, volts 


Fic. 4-3. Current versus voltage characteristic of a cylindrical 
ionization chamber of the type shown in Fig. 4-2, for both air 
and helium filling gas at two different intensities of gamma 
radiation. 


characteristics for two different intensities of gamma radiation and two 
types of gases. 

When the specific ionization is high, as with alpha particles and protons, 
columnar recombination takes place. The fractional loss in saturation 
current is larger, and the current-voltage characteristic of the chamber 
subjected to radiation of these types has a larger slope. 
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DESIGN CONSIDERATIONS 
4-4. General Aspects 


Because of its simplicity of operation, the ionization chamber is a very 
versatile instrument. It can be designed in many sizes and shapes and can 
be employed to measure all types of radiation that produce either primary 
or secondary ionization. Further, it can be used in either pulse- or mean- 
level-type operation. 

The filling gas in many cases is only air at atmospheric pressure, although 
nearly any gas or pressure may be used as required in the application. For | 
electron pulse-type operation, a gas with a small electron affinity must be 
used for most operations. 

The radiation source may be either internal or external to the chamber. - 
Often the source is introduced directly as a gas mixed with the chamber 
filling gas. The chamber shown in Fig. 4-2 was designed [4] for use with 
gaseous C4, 


4—5. Insulators 


One of the most important design considerations for ionization chambers 
involves the insulators. The main insulator is the one which supports the 
collecting electrode either from the high-voltage electrode, as shown in 
Fig. 4—4, or from the housing and guard ring, as in Figs. 4-1 and 4-2, re- 
spectively. 


Collecting 
electrode l=iL+h l=I,tlh 









pe Electrometer 
High- voltage input 


electrode 


Equivalent circuit 


Fig. 4-4. Illustration of leakage through the insulator of an ionization 
chamber. 


The first requirement of an insulating material for use with an ionization 
chamber is that it have extremely high leakage resistance. The importance 
of this can be seen readily by reference to Fig. 4-4. The current flow in the 
external circuit is the sum of J,, the ionization current in the chamber, and 
I,, the leakage current in the insulator. The latter can easily become a 
large portion of the total if sufficient care is not taken with the insulators. 

The volume resistivity of most insulating materials is sufficiently high, 
but surface leakage makes certain materials unusable. Surface leakage is 
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mainly dependent on the ability of the insulating material to absorb water 
vapor. The insulator should be kept dry by use of desiccants or hermetical 
seals. In addition, the leakage surfaces of an insulator should be clean and 
free of scratches and other surface imperfections; otherwise the absorption 
of water is enhanced. Ceresin wax and the fluoroethylenes (e.g., Teflon) 
are best with respect to minimum water absorption. Aluminum oxide, 
polystyrene, and quartz are also satisfactory if they are highly polished to 
reduce surface imperfections. The General Electric Company has de- 
veloped a silicone compound called Dri-Film 9987 which forms a good 
water-repellent coating. When it is used on the above materials, the 
polishing problems are greatly reduced. 

The resistivity of insulators is, in general, reduced by ionizing radiation. 
With regard to permanent changes, Teflon appears to be one of the most 
sensitive materials [5], showing reduction in resistivity at doses of 2 X 10° r 
of gamma radiation, while polystyrene does not show appreciable changes 
at 10 r. Concerning rate-dependent processes, relatively low dose rates 
have been reported to make large reductions in resistivity while the radia- 
tion is in progress. Armstead, Pennock, and Mead [6] have reported a 
reduction in the resistivity of polystyrene by a factor of 2,000 during 
exposure at a rate of 100 r/min. Other investigators [7-9] have reported 
similar effects. 

Because of the susceptibility of plastics to radiation-induced changes in 
mechanical properties [5] as well as in electrical properties, these materials 
should be avoided for the high-dose and dose-rate applications. Rather, 
inorganic materials such as quartz and aluminum oxide should be adopted. 

An important criterion of insulators is the extent to which they are free 
from stress currents. These stress currents appear across an insulator after 
it has received either electrical or mechanical stress. Apparently they are 
due to the transfer of charge through the insulator as the stress in the 
insulator is relieved. In “‘soft’’ materials such as polystyrene, these currents 
may start at values from 10—"* to 10-5 amp and drop off exponentially with 
a time constant in the range from 10 to 30 min. Stress currents may be 
minimized by making the insulator volume as small as is consistent with 
the requirements for high surface leakage and by avoiding undue mechanical 
stress. ‘‘Hard” materials such as aluminum oxide and quartz have very 
low stress currents and therefore are particularly attractive for measure- 
ments of currents less than 10—-" amp. 


4-6. Guard Rings 


The use of guard rings in a parallel-plate design of an ionization chamber 
is illustrated in Fig. 4-1. In addition to defining accurately the active 
volume of the chamber, this design also ensures that ions will not collect 
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on the insulators, thereby causing a distortion of the electric field in the 
active volume of the chamber. 

The use of guard rings also serves a major function in the reduction of 
leakage current through the insulators. This improvement is illustrated 
in Fig. 4—5, which is the equivalent 
circuit of Fig. 4-1. The resistors R, 
and R, represent the insulation re- 
sistance between the guard ring and 
the high-voltage electrode and be- 
tween the guard ring and the col- 
lector electrode, respectively. In Le 
this ae as in the one without the Fic. 4-5. Equivalent circuit of an ioniza- 
guard ring, the error due to leakage tion chamber with the guard ring con- 
is ] — I, = I;. However, I:ismuch nected as in Fig. 4-1. 
less with the guard ring than with- 
out, because the potential difference across the insulation is nearly zero in- 
stead of the order of several hundred volts, as it may be without a guard 
ring. 

An arrangement of a guard ring for a cylindrical ionization chamber is 
illustrated in Fig. 4-2. This application of the guard-ring technique, 
together with the insulator design, achieves [4] leakage currents which are \ 
small compared with 1.5 X 10~"* amp, the cosmic-ray background current | 7 
for a 300-cm? chamber. However, in this design the active volume of the’ 
chamber is not well defined because of the variation in the electric field as 
the insulator region is approached. Cockroft and Curran [10] have studied 
the elimination of this type of “end 
effect”? for cylindrical chambers. 
They have found that small field- 
adjusting tubes, fitted over the usual 
grounded guard tubes and main- 
tained at potentials appropriate to 
their diameters, reduce the end 
effects to negligible proportions. 
Their arrangement is shown sche- 
matically in Fig. 4-6. The potential 
Fic. 4-6. Electrode assembly illustrating of the field tube is adjusted to the 
ane a eater potential of the same radial position 
Curran, Rev. Sct. Instr., 22:37 (1951).] in the gas neat the center of the 

chamber. Provided that the length 
of the field tube is at least equal to the radius of the high-voltage electrode, 
the resulting electric-field lines are radial along the whole length of the 
chamber up to the end of the field tubes. 
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4-7. Background Sources in Ionization Chambers 


All materials which are used to construct ion chambers exhibit a small 
amount of alpha activity. Bearden [11] has found, for example, alpha 
activities ranging from 3 alphas/(100 cm?) (hr) for steel to 2,800 alphas/(100 
cm?) (hr) for solder. 

One alpha particle per hour results in an average current of 10—” amp. 


‘Therefore the alpha contamination can be very objectionable for low-cur- 


rent measurements. Fortunately, by using the rate-of-drift method (see 
Sec. 4-11), the alpha-particle background can be rejected, provided that 
the output is recorded, since the alpha particles appear as discontinuities in 
the output. 

Cosmic-ray background produces about 2.7 ion pairs/(em?)(sec) or 
4.3 X 10-'* amp/cm? inside a shield of 4 in. of lead at sea level. If the lead 
is removed, the radiation that is emitted by the contamination in the earth 
and in the building materials raises the background current two to four 
times. 


MEASURING INSTRUMENTS FOR MEAN-LEVEL IONIZATION CHAMBERS 
4-8. Measurement of Small Currents 


The range of ionization currents of interest in ionization chambers is 
from as large as 10-* amp in such applications as reactor control systems 
to as small as 10—'* amp in tracer applications of radioisotopes. The larger 
currents can be measured by standard sensitive D’Arsonval-type meters. 
Below about 10-° amp these instruments are not sufficiently sensitive. 
Consequently less direct means of current measurement must be employed. 
The method discussed in Sec. 2-10 and illustrated by Fig. 2-5 is quite useful 
for this purpose. This technique involves the use of an electrometer to 
measure the voltage drop across a high resistance. 

The ionization current J can be computed from the voltage drop V by the 
relationship 


I= (4-22) 


V 
R; 
where R, is the combined resistance of the calibrated resistor FR in parallel 
with the electrometer input resistance R.. Usually R. > Rso that Rp ~ R. 
This condition requires the use of special electrical insulators in the con- 
struction of the electrometers. 

Dependable current measurements require that the resistance R, remain 
constant. Since this value may be as high as 10" or 10! ohms, which is of 
the same order as that of insulating material, the control of R, presents a 
formidable problem. 
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Because of the very high input resistances involved and the high stability 
that is required, special techniques are necessary in the manufacture and 
use of input resistors. To avoid a variation in resistance due to surface 
leakage, resistors must be kept clean and dry. In some cases this is ac- 
complished by placing them in evacuated chambers. Polarization, or the 
tendency of materials composing the resistors to have induced dipoles and 
thus act as voltage sources, places limitations on the materials that can be 
used. In some resistors it may be several seconds or even minutes before 
the polarization will come to an equilibrium value. 

Burmaster [12] has studied the stability, polarization, and temperature 
effects in several commercial types of resistors. At present the carbon- 
compounded resistors in evacuated envelopes, such as those manufactured 
by Victoreen Instrument Company, appear to be the most satisfactory for | 
precision work. | 


4-9. Electrostatic Electrometers 


Several electrostatic-type electrometers have been devised. The opera- 
tion of these instruments depends on electrostatic forces; consequently the 
steady-state input current is very low, and the input resistance is corre- 
spondingly high. Each of these instruments contains a very fine, light, 
movable electrode which is well insulated from the remainder of the in- 
strument. A local electric field is produced in the space occupied by the 
movable electrode. This is accomplished through the use of other pairs of 
electrodes between which a constant potential difference is maintained. 
The voltage to be measured is applied between the movable electrode and 
the case of the instrument. The equilibrium position of the movable 
electrode is determined by a balance between the electrostatic forces and the 
mechanical restoring forces. 

The Lindemann electrometer [13] is a compact, portable instrument of 
the electrostatic type. This electrometer is shown schematically in Fig. 
4-7. A silvered quartz needle is supported from a silvered quartz fiber 
mounted on good insulators. The voltages applied between the quadrants 
A, B, C, and D produce electric fields which cause the needle to be de- 
flected when a voltage is applied between this needle and ground. The 
deflection is observed by means of a microscope containing an eyepiece 
scale. 

The Lindemann-type electrometer is quite stable for sensitivities up to 
1-volt full-scale deflection and can be used satisfactorily up to 0.1-volt full- 
scale deflection. The input resistance can easily be kept greater than 101 
ohms. Its input capacity is quite low, being around 1 uuf. The speed with 
which it reaches a new deflection is limited by the inertia and the viscous 
damping. This speed drops off with increased sensitivity, but the time re- 
quired is never greater than a few seconds. 
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Other types of electrostatic electrometers include the string electrometer, 
the Wulf electrometer, and the Dolezalek quadrant electrometer. 
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Fic. 4-7. Schematic diagram of a Lindemann electrometer. (a) Me- 
chanical arrangement of the needle and quadrants; (6) the electrical 
circuit. 


4-10. Vacuum-tube Electrometers 


Vacuum-tube electrometers are in wide-scale use for ionization-current 
measurements. These vacuum-tube circuits employ specially designed 
tubes known as electrometer tubes [14]. The outstanding feature of these 
: devices is their low grid currents. Maximum grid currents as small as 
10-" amp can be obtained, giving input resistances of 10'* ohms or higher 
for a 1-volt input. 

Figure 4-8 is a typical schematic diagram illustrating the use of a vac- 
uum-tube electrometer with an ionization chamber. This is a balanced cir- 
cuit in which the voltage drop from the plate to the cathode of the type 


120 volts i CK571AX 
= 7% volt 
10" 10 109 0 ee eNO 


Ionization O-20jL0 
chomber (M) 
NG ae 2 A ve ‘T 7\evolts 
adiost colibrate 


Fic. 4-8. Vacuum-tube electrometer circuit connected with 
an ionization chamber. 
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CK571AX electrometer tube is compared with that across the potentiom- 
eter P,. Any unbalance is indicated by the microammeter M. To “zero” 
the instrument, the input signal is shorted out by placing the switch 
S in position 0, and the potentiometer P; is adjusted so that the meter reads 
zero. The current sensitivity of the electrometer is controlled by selection 
of one of the resistors of 10° to 10"' ohms. A voltage drop across the input 
resistor due to the flow of ionization current causes an unbalance of the 
circuit and a resulting deflection of the meter M. Full-scale deflection of 
the meter requires 0.25 volt so that the current range which is covered is 
2.5 X 10—° to 2.5 & 10—-" amp. 

Many other vacuum-tube electrometer circuits have been developed. 
Some of these have been discussed by Elmore and Sands [15]. Notable 
among these circuits are the feedback amplifiers (see Chap. 10). Inverse 
feedback is employed so that not only the gain is stabilized but also the 
speed of response is improved. 

The sensitivity and stability of the vacuum-tube electrometers are 
seriously limited by the basic difficulties inherent in multistage dc ampli- 
fiers. These difficulties are circumvented by a recent development, the 
vibrating-reed electrometer [16,17]. In this instrument the direct current is 
first converted into an alternating current of fixed frequency, and the re- 
quired amplification is accomplished at this frequency by a narrow-band 
feedback amplifier which is inherently quite stable. The operation of the 
vibrating-reed electrometer is covered in Chap. 10 of this text. These 
instruments work satisfactorily down to input voltages as low as 1 mv full 
scale. The input resistance can be as high as 10" to 10'* ohms and the input 
capacity as low as 10 uuf. The output of the electrometer can operate a 
recorder. 


4-11. Dynamic Response of Current-type Ionization Chamber 


In order to study the dynamic response of ionization-chamber instru- 
ments to changes in ionization current, both the capacitance and resistance 
of the ionization chamber and the electrometer input must be taken into 
account. This circuit is shown in Fig. 4~9a. The equivalent circuit is 
shown in Fig. 4—9b where resistances and capacitances have been combined 
in parallel with C = C.+ C. and R = R.R./(R. + R.). 

The relationship between the ionization-chamber current J and the 
voltage v at the input of the electrometer is, by Kirchhoff’s law, 


re® +y=RI (4-23) 


If the ionization-chamber current is suddenly changed from [, to J;, the 
time dependence of v is 


v= RI, + RWI, i Tg)e—/ RC (4-24) 


82 NUCLEAR RADIATION DETECTION 


The change is seen to occur exponentially. The quantity RC is known as 
the time constant for the circuit. In Fig. 4-9c the voltage is plotted as a 
function of the time measured in time constants. 
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Fic. 4-9. Response of an electrometer to a change in ionization current 
from I, to J;. (a) Electrometer circuit; (6) equivalent circuit of the 
electrometer input (R = R.R./(R. + R.) and C =C,+C.]; (c) time 


dependence of the electrometer input voltage following a step change in 
current. 


Example 4-4. Consider the use of a vibrating-reed electrometer for the measurement 
of 10- amp through determining the voltage drop across a 10'*-ohm resistor. Compute 
the time required for the indicated voltage to reach 99 per cent of its final value after 
the current is suddenly changed from zero to some finite value. 

Solution. By Eq. (4-24), the fractional change remaining after a time ¢ is e~/A°, 
Therefore, 


t 
—t/RC = ——- = = 
e~! 0.01 or RC In 100 = 4.6 
and t = 4.6RC = (4.6)(10')(10 & 10-12) = 46 sec 


where the input capacity of the electrometer and chamber combined has been taken as 
10 wuf and the ionization-chamber leakage resistance is assumed to be large compared 
with 102 ohms. 

When the electrometer which is used is 8 vacuum-tube type, its input 
capacity and therefore its response time can be reduced through the use of 
feedback, as described in Sec. 10—22. 

In addition to the time constant of the electrometer input circuit, the 
polarization of the resistors, as discussed in Sec. 4-8, and the speed of re- 
sponse of the electrometer may place limitations on how rapidly changes in 
ionization can be followed. 
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To avoid the long time constants and to obtain the maximum sensitivity 
for small current measurements, the rate-of-drift method can be used. 
For this purpose the input resistor is omitted, and the rate of change of 
voltage is observed as the current flows into the input capacity of the elec- 
trometer. The current J is calculated as 

dv 

r=C at (4-25) 
To employ this method, the electrometer is originally shorted out. Upon 
removing the short, the voltage registered by the electrometer varies ac- 
cording to Eq. (4-25). Through the use of this method, currents as low as 
10—'* amp can be measured by the vibrating-reed electrometer. This cur- 
rent results in a rate of change of 1 mv/100 sec if C’ is taken as 10 wf. By 
recording the electrometer output, the rate of change can be obtained 
quickly and easily. The lower limit on the current measurable by this 
method is set by the drift in the indicated voltage with no input current. 


4-12. Integrating-type Ionization Chambers 


A schematic diagram of a condenser-type ionization chamber is given in 
Fig. 2-6. If the voltage source V, is connected between the two electrodes 
and then removed, a charge Q = C,V. is stored on the electrodes of the 
chamber, where C; is the capacitance of the chamber. If a mechanism for 
the transfer of charge between the electrodes exists, a change Av in the po- 
tential difference occurs by a charge transfer Aq, where 


Ag = CiAv (4-26) 


The charge will be transferred primarily by ionization in the sensitive 
volume of the chamber and by leakage through the insulator. If Ag, rep- 
resents the former and Aq; the latter, then 


Ag. + Ag: = Av C; (4-27) 


When the voltage between the electrodes is large enough for operation 
in the ionization-chamber region, Aq, is the total ionization produced in the 
sensitive volume of the chamber during the period of the measurement. 
If Ag; is not negligible, it may be measured while subjecting the chamber 
to negligible radiation. In practice, the background will consist of both 
leakage and ionization due to background radiation. 

It is clear from the preceding discussions that the method‘of measuring 
the voltage remaining on the ionization chamber should draw negligible 
current. In addition, if the voltmeter is to be removed from the ionization 
chamber during the irradiation of the chamber and connccted to it at the 
end to measure the remaining voltage, the voltmeter capacity must be 
small compared with that of the chamber. The voltage range of the in- 
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(see Sec. 4-14) of only 0.84 mr/hr. Because of its dependability, simplicity, ° 
sensitivity, and accuracy, the Lauritsen electroscope is applied quite 


widely in the measurement of 
gamma radiation. 

A simple string electrometer of 
the type shown in Fig. 4—11 is often 
used for measurement of the voltage 
remaining on a condenser-type ioni- 
zation chamber. A potential dif- 
ference between the highly insulated 
brass rod and the grounded platinum 


To collector Brass rod, highly 
of chamber insulated from ground 


_ loop 
| fine platinum wire 


= Grounded support 


Fia. 4-11. Schematic diagram of a string 
electrometer for a condenser-type ioniza- 
tion chamber. 


wire causes the latter to be deflected 
toward the rod. Thus the deflection of the wire gives a measurement of 
the potential difference while drawing only negligible currents. 


IONIZATION CHAMBERS FOR DOSE MEASUREMENTS 
4-13. General Considerations 


In most fields of endeavor involving nuclear radiation, it becomes im- 
portant to have measurements of the amount of interaction of radiation and 
matter and of the effects of this radiation on matter. This is particularly 
true in evaluating the possible effect of radiation on personnel. It also is of 
considerable importance in studies of radiation effects on inanimate 
materials. These latter studies arise in assessing possible radiation damage 
to materials, in fundamental measurements, in applications of radiation 
chemistry, and related fields. 


The principal quantity of interest is dE/dm, the energy absorption per - 


unit mass. Since the mechanism for transfer of energy from radiation to 
matter involves the ionizing processes caused by the primary radiation, 
lonization-chamber instruments play a central role in these investigations. 

These measurements of the energy dissipated by ionizing radiation in a 
material rest on the Bragg-Gray principle [19-21] that the amount of ioniza- 
tion produced in a gas cavity serves as a measure of the energy dissipated 
in the surrounding material. This procedure relies on the assumption that 
the gas cavity is traversed by the same flow of corpuscular radiation as 
exists in the material under consideration. For this condition, 


dE 
aE _ S.J (4-28) 
where S,, = relative mass stopping power of medium with respect to gas 
w = average energy dissipated in gas per ion pair formed in it 
J = no. of ion pairs formed per unit mass in gas 


_—— 
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The gas cavity must be small with respect to the range of the ionizing par- 
ticles, and w and S,, must be independent of the energy of the radiation. In 
the application of Eq. (4-28), the gas-filled cavity may be an ionization 
chamber in which J is determined by measurement of the saturation cur- 
rent. 


Example 4-5. Compute the energy absorbed per gram in a large tissue-equivalent 
phantom if a charge of 2.58 X 10-7 coulomb/g is produced in a small air-filled cavity 
within the phantom. Assume that the relative mass stopping power of tissue is 1.11. 

Solution. By the Bragg-Gray principle, 


Eg ayy w= (1:11)(82.5)(2.58 X 10-1) (1.60 X 10-*) 
dm = ™ 1.60 X 107" 
Here w is taken as 32.5 ev per ion pair* or 32.5/(1.6 X 10~'*) ev/coulomb, and 1 ev = 


1.60 X 107"? erg. 


= 93 ergs/g 


The size limitation on the cavity is often too restrictive [21]. Therefore 
the actual applications of the Bragg-Gray principle often rest on another 
basis [22], that the flow of corpuscular radiation will remain undisturbed by 
the cavity, provided only that the chemical compositions of the gas and the 
surrounding material are equal, irrespective of the cavity size. This latter 
principle is, however, subject to the restriction that the primary flux (such 
as X ray or neutrons) be uniform throughout the media. Further, it does 
neglect a small dependence on density because of a variation in electron 
stopping power [23]. 


4-14. Dose Units 


The unit of absorbed dose known as the rad was introduced recently [24] 
by the International Commission on Radiological Units. The rad is defined 
as an absorbed dose of 100 ergs/g. This unit depends on neither the type 
of radiation nor the material in which the energy is absorbed. The dose in 
rads can be measured through the use of an ionization chamber by means of 
Eq. (4-28) or by means of calorimeters, as discussed in Chap. 8. This unit 
is finding wide acceptance and utility. 

The most widely used unit for specifying the interaction of X and gamma 
radiation with matter is the roentgen (r). This unit is defined by the In- 
ternational Commission [24] as follows: 


The roentgen shall be the quantity of X or gamma radiation such that the 
associated corpuscular emission per 0.001293 gram of air produces, in air, ions 
carrying | electrostatic unit of quantity of electricity of either sign. (Note. The 
mass given is that of 1 cm? of dry atmospheric air at 0°C and 760 mm Hg.) 


Thus the roentgen is a unit of radiation exposure based on the effect of X 
or gamma radiations on the air through which they pass. It is important to 
* The International Commission on Radiological Units and Measurements (ICRU) 


recommended that w be assigned the value 34 ev; see Natl. Bur. Standards (U.S.) Hand- 
book 62, 1957. 
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notice that it applies only to X and gamma radiations in air. Any attempt 
to use the unit for other radiations or for media other than air implies an 
extension of this definition. These extensions are possible. 

To avoid the reference to the type of radiation, the roentgen-equivalent- 
physical (rep) unit has been introduced. The rep is defined as that amount 
of any type of radiation from which tissue will absorb energy to the extent 
of 93 ergs/g. This quantity was chosen since it is the energy absorbed per 
gram of tissue placed at a location such that 1 r of X or gamma dosage is 
received. The energy absorbed per gram of air is calculated as 


1 esu 1 ion pair 32.5ev_ 1.60 X 10-Verg _ 83.8 ergs/ 
1.293 X 10-*g 4.80 K 10-" esu 1 ion pair lev ee 
Experiments have shown that when 1 r of X or gamma rays is absorbed in 
soft body tissue, the amount of energy absorbed is larger than in air, actu- 
ally about 93 ergs/g at 1 Mev, and that this amount does not differ by more 
than 10 per cent from 2 kev to greater than 1 Mev [25]. Consequently, for 
the absorption of photon radiation, 1 rep is roughly equivalent to 1 r in 
soft tissue. However, it should be understood that this correspondence is 
only approximate; it depends on the wavelength of the radiation and also on 
the nature of the medium. In bone, for example, the energy gain from the 
absorption of 1 r of X rays is considerably in excess of 93 ergs/g, and solr 
and 1 rep would not be identical. However, for many purposes it is con- 
venient to regard these quantities as equivalent. 


4-15. Air-wall Ionization Chamber 


It is clear from the definition of the roentgen that the measurement of 
the ionization in air is basic in the determination of radiation exposure. 
The largest application of ionization chambers is in this area. 

An examination of the definition of a roentgen shows that the ionization 
which is produced by all the secondary electrons ejected from a known mass 
of air is considered. These electrons produce some ionization outside the 
region in which they receive their energy. In order to apply the definition 
to obtain the dosage in roentgens, it is necessary either that this ionization 
be collected wherever it is produced or that it be compensated for by an 
equal amount of ionization which enters the region in question. 

For absolute measurements based on the roentgen unit, the free-air 
standard chamber [26] may be used. Such a chamber is shown in Fig. 4-12. 
This chamber provides compensation for the corpuscular emission which 
leaves the sensitive volume of the chamber before producing all its ioniza- 
tion. This compensation is made possible by establishing artificial bound- 
aries of the chamber by means of guard rings. Thus the “walls” of the 
chamber are composed of air, and any loss of corpuscular emission from the 
active volume of the chamber is compensated by gain from the air ‘‘wali:” 
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of the chamber as long as the secondary electrons from the small central 
volume are completely absorbed within the air of the chamber. 
If the voltage which is applied to a free-air standard ionization chamber 


Collector To 
electrometer 






Collimoator 


Fig. 4-12. Schematic diagram of a standard air-wall ionization 
chamber. 


is such that all the charge released in the active volume is collected, this 
collected charge Q due to a dose of D is given by 


D(r) V(cm?) 273p(mm Hg) 


Q(coulombs) = ~~s X10" TK) 760 


(4-29) 


where D = dose 
V = active volume 
T = absolute temperature 
p = pressure in chamber 
The current flow 7 for a dosage rate of FR is obtained from Eq. (4-29) as 


R(r/hr)V (cm?) 273p(mm Hg) 
3 X 10° X 36007(°K) 760 


= 0.926RV a P 10-8 (4-30) 


As the energy of the X- or gamma-ray photon increases, so does the size 
of the standard ionization chamber. This condition arises since the air 
“‘wall’’ surrounding the sensitive volume of the chamber must have a thick- 
ness greater than the range of the secondary electrons. By the Bragg-Gray 
principle, this difficulty could be circumvented through the use of an actual 
wall of solid material with the same chemical composition as the air. Such 
a wall is referred to as an air-equivalent wall. Small air-equivalent cham- 
bers are known as thimble chambers. 

An air-equivalent wall is approximated by using a material with a mean 
atomic number near that of air. Bakelite, lucite, and other plastics are 
suitable materials for this purpose. The surface of the plastic is ordinarily 
coated with colloidal carbon to give it the conductive properties necessary 
for electrodes of ionization chambers. 


v(amp) = 
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For other wall materials, both the magnitude of the ionization in the 
air volume and its energy dependence will differ from those with an air-wall 
chamber. This effect has been treated by Marinelli [26] and Whyte [23]. 


4-16. Instruments for Gamma- and X-ray-dose Measurements 


It can be seen by reference to Eqs. (4-27) and (4-29) that the change in 
voltage on the condenser chamber can be related to the dose received after 
correction has been made for the charge leaking through the insulator. This 
leakage can be neglected except when the accumulated dose is small com- 
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Fia. 4-13. Condenser roentgen meter (Glasser-Seitz type). A, 
chamber tube containing the capacitor and chamber; B, chamber 
tube cap (for the end opposite the chamber); C, ionization chamber; 
D, insulating button to cover the insulation at E; F, discharge 
switch; G, static charger wheel; H, scale; J, objective; J, ocular; L, 
lamp; M, battery; N, light switch. [From J. A. Victoreen, article 
an O. Glasser (ed.), ‘Medical Physics,’’ Year Book Publishers, Inc., 
Chicago, 1944.] 
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pared with the full range of the instrument or when the time required to 
accumulate the dose is large. In any case, the conditions under which 
leakage can be neglected need to be investigated for each type of chamber. 

Several types of condenser chambers for dose measurements are available 
commercially. Certain of these instruments require a separate electrom- 
eter for reading the charge, while others contain an integral charge-reading 
mechanism. 

One of the earliest instruments for measuring dose is the condenser 
roentgen meter developed by Victoreen [27]. The condenser chamber along 
with the charger—charge-reader unit is shown schematically in Fig. 4-13. 
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determine the dependence of their responses on the X- and gamma-ray 
energy. Included in these instruments were several commercial pocket 
chambers having a full-scale range of 200 mr. Typical of these was the 
Victoreen model. The wall of the chamber consisted of an 8-cm-long 
Tenite II (cellulose acetate butyrate) tube with an outside diameter of 
0.6 in. and a wall thickness of 0.087 in. The wall was lined by a 0.017-in. 
cardboard insert which was coated on the inside surface with 0.0005 in. of 
graphite. The collector was a 0.062-in.-diameter aluminum wire, coated 


Victoreen pocket chamber 


Id! pocket chamber 
Keleket pocket chamber 
Beckman dosimeter 
Cambridge dosimeter 
Keleket dosimeter 


‘Correction factor 





Oo 200 400 600 800 1000 1200 
Constant potential (kv) applied to x-ray tube 


Fic. 4-15. Correction factor versus peak X-ray energy for various ionization-chamber 
instruments. [From F. H. Day, Natl. Bur. Standards (U.S.) Cire. 507, 1951.] 


with 0.0005 in. of graphite. The insulators were polystyrene, and the 
filling gas was air at atmospheric pressure. The chamber [28] was found to 
be sufficiently air-equivalent that its response, shown in Fig. 4-15, was in- 
dependent of energy from 1.2 to 0.3 Mev. Below this energy the response 
rose, passing through a maximum of 140 per cent of normal at about 0.1 
Mev. This rise was attributed to the secondary electrons which were 
emitted from the aluminum portion of the chamber by the photoelectric 
absorption process. In this energy region the photoelectric absorption 
process is quite important. Since this process depends on Z° (see Sec. 1-13), 
the aluminum is much more effective than air. As the energy was lowered 
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below 0.1 Mev, the response dropped rapidly because the radiation suffered 
appreciable attenuation in the wall before reaching the interior of the cham- 
ber. The readings indicated by the pocket chamber were much less than 
the actual doses at energies below about 40 kev. 

The Lauritsen electroscope (see Sec. 4-12) serves as a very sensitive 
dosimeter with a self-contained charge-reading mechanism. With this in- 
strument it is possible to totalize doses occurring at a rate of less than 
1 mr/hr. 

The term pocket dosimeter designates a condenser ionization chamber of 
fountain-pen size with a self-contained charge-reading mechanism. Figure 
4-16 is a self-explanatory diagram of a 200-mr pocket dosimeter in which 
the charge reading is made possible by a very compact, rugged electroscope. 


Gloss window Aluminum case 


A be BY, . 








A - Insulating ring 

B - Charging rod ‘hollow fo admit light trom window) 
C - Fixed heavy-metal-coated quartz fiber 

D - Movable tine-metal-coated quortz fiber 

E - Metal cylinder 

F - Transparent scale 

G - Metal support for fibers 


Fic. 4-16. Self-reading-type pocket dosimeter. (From Ralph E. Lapp and Howard L. 


Andrews, ‘‘Nuclear Radiation Physics,’’ p. 199, Copyright, 1948, by Prentice-Hall, Inc., 
Englewood Cliffs, N.J. Reproduced by permission of the publisher.) 


Side view showing 
arrangement of 
fixed and movable 
fibers 





Current-type ionization chambers equipped with current-measuring 
devices of the type discussed in Sec. 4-8 are used widely for dose-rate 
meters. These instruments are normally calibrated in milliroentgens per 
hour or roentgens per hour. 

Portable dose-rate meters often contain vacuum-tube electrometers as 
the current-measuring devices. For stationary chambers other electrome- 
ters, such as the Lindemann and the vibrating-reed, may be used to provide 
more sensitivity. 

Figure 4-17 is a schematic diagram of a beta-gamma survey instrument. 
This device is one version of the instrument commonly known as the 
“Cutie Pie.”” The chamber is made of bakelite coated on the inside with 
graphite. The energy dependence of the response of this instrument has 
been studied [29]. Its response has been found to be within 10 per cent of 
that of the ideal air-equivalent chamber down to about 20-kev X rays. 
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a balance between the positive-ion current and the electron current from 
the tube filament. The plate current is found to be a logarithmic function 
of the ionization current. The 
plate-current change is 10 to 15 
pamp per decade change in radia- 
tion. 

The use of the high-pressure filling 
gas gives the chamber proportion- 
ately larger ionization current and 
therefore more sensitivity. The 
steel shell of the chamber gives it 
Fi. 4-18. Basic circuit for the Neher- the required strength. However, to 
White ionization chamber. (Courtesy of ; ; og 
Jordan Electronic Mfg. Co., Inc.) make its response insensitive to 

changes in the gamma-ray energy, 
a lead absorber is placed on the outside of the steel and an aluminum 
secondary-electron emitter on the inside. This makes the spectral response 
essentially flat from 75 kev to 1.3 Mev. 

Mounting the electrometer tube inside the chamber and eliminating the 
high resistance effectively eliminate insulation trouble and give the in- 
strument high stability. The high sensitivity combined with the good 
stability allows the measurement of radiation rates as small as 0.002 mr/hr 
above background. At the same time, the logarithmic response makes it 
possible to go to high ranges on the same instrument. 


Ionization chamber 





Collector 


4-17. Calibration of Instruments for Gamma- and X-ray-dose Measurements 


In many cases it is not feasible to calculate dose or dose rate from the 
relationships discussed in Sec. 4-15. Such factors as inaccuracies in resis- 
tors, uncertainties as to the sensitive volume, and errors due to the influence 
of wall materials make it advisable that calibration sources be available. 

Radium, in equilibrium with its decay products, is used as a standard for 
dose measurements. For this purpose the radium is enclosed in a thin 
platinum filter, usually of either }4- or 1-mm thickness. The purpose of the 
platinum is to remove the beta radiation. The dosage rate F in roentgens 
per hour at d cm from a radium source of activity A millicuries (mc) en- 
cased in platinum of thickness ¢ mm is 


_ 8.84(1 — 0.13¢)A 


R 7p 


(4-31) 


For a 0.5-mm filter, 
8.26A (me of Ra) 
d?(cm?) 


It is enlightening to develop Eq. (4-31) from the definition of the roent- 
gen and the nature of the absorption process. For this purpose it is con- 


R(r/hr) = (4-32) 





IONIZATION CHAMBERS 95 


venient to express the roentgen in terms of the energy given to the second- 
ary electrons per cubic centimeter of air at O°C and 760 mm Hg. Since 32.5 
ev of energy is required per ion pair of charge produced, the release of 1 esu 
of charge, or 2.085 X 10° ion pairs, by secondary electrons represents an 
energy absorption of (32.5)(2.085 X 10°) = 6.77 K 10ev/cm?. Therefore 
6.77 X 10* Mev of energy absorbed per cubic centimeter of air at normal 
conditions is equivalent to 1 r of X or gamma radiation. 

The energy flux J at a distance of d cm from a point source emitting S 
gammas/sec of energy E Mev is 


SE 
I{[Mev/(cm?)(sec)] = ded? (4-33) 
The distribution in direction is assumed to be uniform. The fraction of the 
energy absorbed per centimeter of distance in the radial direction from the 
source is 44 cm~!, where ua is known as the true-energy absorption coeffi- 
cient in air. Thus the rate of energy absorption at a distance d from a point 
source is uaSE/4xd? Mev/(sec)(cm*), where it is assumed that the fraction 
of the gammas absorbed in going a distance d from the source is negligible. 
Converting to energy absorption per hour and expressing 1 r as 6.77 X 104 


Mev/cm? of air, one obtains the dosage rate FR as 


= (3,600) uaSE 
R(r/hr) = IT XIE . 
_ (4.24 X 10)ue(em=")S(gammas/see)E(Mev) O%") 
- d?(cm?) 


The true-energy absorption coefficient ya is 


meee amas (4-35) 


The coefficient yu. is nearly equal to a, up to about 2 Mev where pair pro- 
duction becomes significant. 
The dosage rate can be expressed as 


I,S(mc) 
d?(cm?) 





R(r/hr) = (4-36) 


where S is the gamma-source strength expressed in millicuries and 
I,(r/(hr)(mc)(em-?)] = we (3.7 K 10")(4.24 & 10-*) (4-37) 


or the dosage rate at 1 cm from a source emitting 3.7 X 10’ gammas of 
energy E per second. The gamma-source strength is the activity of the 
radioisotope multiplied by the fraction of the disintegrations resulting in the 
emission of gammas with the energy in question. Values of J, as a func- 
tion of energy as calculated by Marinelli et al. [30] are shown in Fig. 4-19. 
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The gamma-ray spectrum of radium and its equilibrium products is 
given in Table 4-2. The average number P; of photons of energy E; per 
disintegration of Ra?6 is given, along with E; and the corresponding value 
of (I,);. The dosage rate from A millicuries of radium is therefore 


A f Ra? 9.79A 
Aimee) * ily)i = 


which is in reasonable agreement with the empirical value computed from 
Eq. (4-31) with ¢t = 0. 


R(r/hr) = 








PIT TY 
eek cert 
PT Tt 


0.005 O01 002 005 O1 
Gamma thetay jae 





Fic. 4-19. Dosage rate versus energy. Dosage rate is in roentgens 
per hour at 1 cm from a point source emitting 3.7 X 10’ gammas/sec. 
[From L. D. Marinelli et al., Dosage Determination with Radioactive 
Isotopes, Am. J. Roentgenol. Radium Therapy, 59:273 (1948); Charles 
C Thomas, Publisher, Springfield, IU.] 


For a Co® source, another material used for standardization, the dosage 
rate is 


14A (mc of Co) 


d?(em*) Ce) 


R(r/hr) = 


It is important to correct the certified activity of a Co™ source for decay 
since it has a half-life of only 5.3 years. 
4-18. Beta-dose Measurements and the Extrapolation Chamber 


The Bragg-Gray principle (see Sec. 4-13) is applicable to the measure- 
ments of the dose produced by beta radiation as well as by other types of 
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radiation. However, since the energy spectrum of beta-radiation fields 
covers a large range down to zero, the condition that the cavity be small 
compared with the electron ranges requires special precautions. The 


TABLE 4—2. GAMMA-RAY SPECTRUM OF RapDIUM AND ITs EQUILIBRIUM PRODUCTS 


E;t P;t 
gamma energy, yields, 
Mev gammas/Ra*a 
0.184 0.012 
0.241 0.115 
0.294 0.258 
0.350 0.450 
0.607 0.658 
0.766 0.065 
0.933 0.067 
1.120 0.206 
1.238 0.063 
1.379 0.064 
1.761 0.258 
2.198 0.074 


(Iy);t 


1.00 
1.35 
1.69 
2.05 
3.65 


4.50 
5.40 
6.30 
6.80 
7.40 


8.80 
10.03 


P;(Ty); 
(r/(hr)(me of Ra?*)(cm~?)] 


0.012 
0.155 
0.436 
0.923 
2.402 


0.293 
0.362 
1.298 
0.428 
0.474 


2.270 
0.742 


9.79 


t From R. D. Evans, Nucleonics, 1:40 (October, 1947). 
t From L. D. Marinelli, E. H. Quimby, and G. J. Hine, Am. J. Roentgenol. Radium 


Therapy, 59:260 (1948). 


extrapolation chamber [31,32], introduced by Failla [31], is particularly 


sultable for measurements of this type. 


Figure 4-20 shows a cross-sectional view of an extrapolation chamber. 


For the application of this instrument 
to the measurement of beta-energy 
absorption in a material, the high- 
voltage electrode, collector electrode, 
and guard ring would all be made of 
the material in question. Measure- 
ments are made of thesaturation value 
of the ionization current 72 versus the 


Vorioble 


high-voltage electrode 
spacing Apacs 


c lector 


0 
Guard ring 


Fia. 4-20. Cross-sectional view of an 
extrapolation chamber. 


electrode spacing. By making the appropriate changes in units, Eq. (4-28) 


can be written as 


R(rads/hr) = 7.8 X 10" 


wS,T 
= (4-39) 


p 
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where R = dose rate in material 
2 = saturation ionization current (amp) 
V = active volume (cm*) as determined by guard ring and plate 
spacing 
w = average energy (ev) required per ion pair formed in gas 


S» = relative mass stopping power of absorbing medium to gas 
T and p = temperature (°K) and pressure (mm Hg) respectively, of gas in 

; the cavity 
From the slope of the ionization-current versus plate-spacing curve taken 
at the zero extrapolation, one obtains the limiting value of the ratio 7/V 
as the cavity in the medium becomes vanishingly small and thereby satisfies 
the conditions for the applicability of the Bragg-Gray principle. 

The values of w and S,, in Eq. (4-39) must be averages which are suitable 
for the media and beta spectrum involved. Since w is essentially energy- 
independent, the value 32.5 ev per ion pair can be used. However, S» does 
change with energy. Values of S,, relative to air are given in Table 4-3 


TABLE 4-3. Mass Sroppina PoweEr or Various MATERIALS RELATIVE 
To AIR FOR Fast ELEcTRONS* 


Poly- 


E, Mev Be (CH), C styrene Lucite Mg Al 
0.5 1.036 1.051 1.007 1.038 1.031 0.950 0.946 
0.75 1.023 1.038 1.000 1.030 1.022 0.952 0.950 
1.0 1.012 1.028 0.992 1.020 1.014 0.951 0.949 
1.5 0.997 1.009 0.977 1.003 0.997 0.947 0.944 
2.0 0.985 0.995 0.963 0.988 0.982 0.942 0.936 
3 0.968 0.976 0.944 0.969 0.963 0.932 0.926 
5 0.937 0.948 0.919 0.942 0.937 0.911 0.903 

10 0.897 0.911 0.884 0.907 0.901 0.879 0.866 
20 0.856 0.879 0.848 0.870 0.865 0.850 0.835 
50 0.816 0.830 0.804 0.826 0.821 0.811 0.799 
100 0.802 0.815 0.791 0.813 0.808 0.799 0.789 


*From L. D. Marinelli, Ann. Rev. Nuclear Sct., 3:249 (1953). 


over a range of electron energies for a number of materials. Ideally, S,, 
should be obtained experimentally for a situation simulating as nearly as 
possible the actual measurement to which Eq. (4-39) is to be applied. 
Failla [34] has discussed such determinations of S,». It has been estimated 
[35] that its value for tissue relative to air is 1.13 within 6 per cent for beta 
energies from 0.01 to 2 Mev. 


Example 4-6. An extrapolation chamber with tissue-equivalent walls has an extrap- 
olated current value of 10-“ amp/cm! when placed in a uniform beam of beta radiation. 
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Calculate the dosage rate which would occur in tissue at a depth equal to the upper- 
electrode (window) thickness of the extrapolation chamber. 
Solution. By Eq. (4-39), 
R(rads/br) = 7.8 X 10" aes 
(7.8 X 10") (10) (82.5) (1.13) (273) 
760 
where standard temperature and pressure have been assumed. 


= (0.10 rad/hr 


An ionization-chamber instrument calibrated to read in roentgens for X 
and gamma rays will give a rough approximation of the dose in rep or 
rads due to beta rays, provided that the window of the chamber is suff- 
ciently thin to allow the entry of the beta particles. Actually, there are a 
number of practical difficulties which cause the true tissue dose in rep due 
to beta particles to be quite different from that indicated by an ionization- 
chamber instrument calibrated in roentgens for gamma radiation. Failla 
[36] has shown, by comparison with an extrapolation chamber, that the 
readings on a commercial-type ‘‘Cutie Pie” monitoring instrument indicate 
a reading too low by a factor of 3 or more when the scale calibration in 
roentgens per hour is interpreted as expressing the beta-dosage rate in rep 
per hour. His measurements were made with the open beta window of the 
chamber held quite near large flat sources of beta particles of various ener- 
gies. One of the principal reasons for this discrepancy is the fact that the 
thick side walls of the ionization chamber prevent the entry into the cham- 
ber of a large fraction of the particles whose contribution to the dosage 
should be included. 

Roesch and Donaldson [37] have described the development of portable 
instruments for accurate beta-ray dosimetry. Among other instruments, 
they have described a modified “Cutie Pie” survey instrument consisting 
of a shallow cylindrical chamber 20 cm in diameter and 2.5 cm deep. 


4-19. Tissue-equivalent Ionization Chambers 


Because of the importance of absorption of nuclear radiation in tissues, 
extensive work has been carried out [38] on the development of tissue- 
equivalent ionization chambers. Chambers have been developed which 
contain, in both the wall and the gas, the significant elements of the tissue 
in the correct proportions. A good typical approximation for soft tissue is 
furnished by the formula (CsH4oO:8N )n. 

It has been established [38] that a satisfactory tissue-equivalent gas con- 
sists of the mixture 38.1 per cent hydrogen, 22.2 per cent methane, 37.6 
per cent oxygen, and 2.1 per cent nitrogen. For wall material, a resilient 
gel of 66.2 per cent water, 20.2 per cent gelatin, 5.2 per cent glycerol, and 
8.4 per cent sucrose has been used. In addition, tissue-equivalent plastics 
are available which, after standardization by means of the gel chamber, 
have satisfactory properties. 
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OTHER APPLICATIONS OF MEAN-LEVEL IONIZATION CHAMBERS 
4-20. Alpha Monitoring 


Because of their large specific ionization, relatively small intensities of 
alpha radiation can be measured by a mean-level ionization chamber. One 
4-Mev alpha per minute in a chamber produces an average current of about 
3 X 10-% amp. This high sensitivity makes possible the use of mean-level 
chambers in such applications as the checking for alpha contamination on 
table tops. 

The typical instrument consists of an ionization chamber having a large 
thin window (less than 1 mg/cm?) together with a sensitive electrometer, 
usually of the electrometer-tube type. The thin window is very important 
because of the short range of alpha particles. 


Example 4-7. A commercial ionization-chamber instrument has a lowest range of 
500 alphas/min full scale. What current flows in the chamber for full-scale deflection? 
Solution 
ot . . (4 X 10° ev/a)(1.6 X 107 coulomb/ion pair) 
gesesOO0 Caley) (35 ev/ion pair)(60 sec/min) 
= 1.7 X 10-" amp 


where it is assumed that the alpha particles have 4 Mev of energy remaining upon 
entering the chamber. 


4-21. Ionization Chambers Containing Radioactive Gases 


When the radioactivity to be observed can be incorporated as part of the 
chamber filling gas, high sensitivity can be obtained. The chamber shown 
in Fig. 4-2 was devised [4] for use in this way with C'. The output of this 
type of chamber with a volume of 250 cm? is about 10—"4 amp per microcurie 
of C'* when the chamber contains carbon dioxide at normal temperature and 
pressure. 

Chambers similar to that shown in Fig. 4—2 are useful in the monitoring 
for airborne contamination by radioisotopes emitting alpha or beta par- 
ticles. For this application, both an entrance and exit are provided in the 
chamber, and the air is continually drawn through it. Unless special 
provisions are made, the ionization which is produced outside the chamber 
will contribute to the current flow in the chamber, and there will be a 
dependence on the air-flow rate through the chamber. One straight- 
forward way to avoid this is to draw the air through two ionization cham- 
bers in series. The first one serves to collect the ionization from the air 
before its entry into the second chamber. In the latter chamber the only 
ionization which is measured is that produced by the radioactive decay 
while the air is in the chamber. This current is directly proportional to the 
concentration of the radioisotopes in the air and is independent of the flow 
rate. 
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4-22. The Ohmart Cell 


The Ohmart cell [39], a modification of ionization-chamber instruments, 
employs the contact-potential differences between the electrodes of the 
chamber to produce the current flow. In this way, the use of an external 
battery is avoided, and some simplicity is achieved. The cell, manufactured 
by The Ohmart Corporation, is available in a number of sizes and shapes 
for different applications. Typical uses include the monitoring of the flow 
of radioactive liquids by an Ohmart 
cell wrapped around the pipe and 
general area monitoring of gamma 
radiation. 

Figure 4-21 is the schematic dia- 
gram of an Ohmart cell designed 





Ohmort cell Micromicroommeter 


for measuring the internal dose of 16. 4-21. Schematic diagram of an 
Ohmart cell in a circuit with a micro- 


X-ray radiation in the human body. mnicroammiéter. (Courtesy of The Ohindrt 
The current flow in thischamber as Corporation.) 

a function of the gamma intensity, 

as determined by Dowell [40], is shown in Fig. 4-22. It is interesting to note 
that, even though the contact-potential difference between the electrodes is 
much less than the voltage required to draw saturation current, the actual 
current flow varies approximately linearly with the radiation intensity. 


PULSE-TYPE IONIZATION CHAMBERS 
4-23. Pulse Shape in an Ionization Chamber 


The operation of both pulse and mean-level ionization chambers depends 
on collection of the ion pairs which are produced by the passage of ionizing 
radiation through the chambers. However, the details of the collection 
process take on importance in the pulse chamber that they do not have in 
the other type. The development of Wilkinson [41] is followed here. 

The pulse chambers are used for studies of single particles of nuclear 
radiation. If the information desired is the number of ionizing particles, 
the requirements for the pulses are relatively simple. They are that the re- 
sulting voltage pulse at the input of the pulse amplifier be greater than the 
lower level set by the amplifier discriminator and that the duration of the 
voltage pulses at the input of the amplifier be sufficiently short to allow 
successive pulses to be distinguished. If time relationships are being stud- 
ied, the time required for the development of the pulse is important. If 
energy measurements are being made, the relationship between the pulse 
amplitude and the amount of ionization is the primary design consideration. 

Consider an ionization chamber connected to the input of an amplifier 
as represented schematically in Fig. 4-23. For the quiescent condition 
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Fie. 4-22. Ohmart-cell current versus gamma intensity. 


(From 


D. C. Dowell, Testing and Evdluation of the Ohmart Cell, Thesis, Air 
Force Institute of Technology, Wright-Patterson Air Force Base, Ohio, 


1956.) 


between pulses, v, the potential of the collecting electrode relative to ground, 
is zero. This corresponds to the equilibrium condition in which a charge Q 





Fic. 4-23. Schematic diagram showing 
the input circuit for a pulse-type ioniza- 
tion chamber. 


is stored on the electrodes of the 
chamber. If N ion pairs with 
charge +Ne and —WNe are produced 
in the chamber, say at point 1, the 
negative charge will be attracted 
toward the collector electrode and 
the positive charge toward the high- 
voltage electrode. Upon arrival at 
the respective electrodes, these 
charges will be collected. This re- 


sults in a change in the charge stored on the electrodes. Ultimately, after 
sufficient time elapses for the charge to flow through the external re- 
sistance Rf, the previous equilibrium condition is reached, with v = 0. 
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During the sequence of these events, v varies with time; it is this quantity, | 
v(t), which we wish to predict. 

Let t, and t_ be the times required to collect the positive and negative 
ions, respectively. These times depend primarily on the ion mobilities, 
the electric-field strengths, and the distances traveled. If the negative 
portion of the ion pair is a negative ion, ¢t_ is of the same order of magnitude 
as t,; however, if the negative portion is a free electron, t_ K t,. Consider 
v(t) for the case where the circuit time constant RC > t,. Here C = C, + 
C;, where C’' is the capacity of the ionization chamber measured between the 
collector electrode and the high-voltage electrodes. This condition makes 
it possible to neglect the current flow through R during the time required 
to collect the ions. Consequently, one can write v(t) = q(t)/C, where q(t) 
is the net charge produced in the input circuit by the positive and negative 
ions. These ions can affect the net charge through the induced charge 
which they produce before collection as well as by being collected. If 
—q,(t) and —q_(t) are the charges induced on the collecting electrodes by 
the positive and negative charges, re- 
spectively, equal charges of opposite 
signs appear in the input circuit, and 
the potential is 


v(t) = +O 49-0) (4-40) 





When the negative charge reaches the 
collecting electrode, q_(t) becomes 


— Ne, and ._ Fia. 4-24. Voltage appearing at the 


input of a circuit such as that shown 
q.(t) — Ne in Fig. 4-23 as the charge Ne is col- 
v(t) = ag lected, for the condition RC > t,. 


Here it is assumed that t, > ¢t_. When the positive ion is collected, q(t) = 
0, and 

ot) = -7 (4-41) 
It is important to notice that the potential change of —Ne/C is reached 
only after all the charge is collected. 

Figure 4-24 shows the form which v(t) takes as the charge Ne is collected, 
provided that it all originates at a point. When the ionization is spread 
initially over a region, the discontinuities at ¢_ and ¢, tend to get lost since 
these times vary between various ion pairs. 


4-24. Calculation of Induced Charges 


The discussion in the preceding section shows that determination of 
v(t) depends on the calculation of the induced charges g;(t) and q_(t). 
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These charges can be calculated through the use of Green’s reciprocation 
theorem in electrostatics [42]. This theorem states that, if one has a system 
of conductors, 1, 2, 3,..., , and, upon placing upon them charges qi, 
92, 93,..+, Qn, One finds potentials v;, ve, v3,..., Un, the use of charges 
qi, 92, 98 - - +, Qn Will result in potentials vj, v3, v3,..., va such that 


» qv; = S qivs (4-42) 


ton} t=] 


Consider an ionization chamber having two electrodes, denoted as 1 and 
2, with a charge q at point P between them. Let q, and gz denote the charges 
induced on the respective electrodes. Under the condition that one elec- 
trode completely encloses the other, 


—Gq=at@ (4-43) 


since all the lines of force from q end on either electrode 1 or 2. Let vi, 
v2, and vz be the potentials in the absence of a charge at P, that is, with 
q’ = 0. When the electrodes are grounded so that 1; = v, = 0, Eq. (4-42) 
becomes 


qivi + g2r2 + qu, = 0 (4-44) 
Solving Eqs. (4-43) and (444) for q; and qz, one obtains 
, , 
q = 4—Pq (4-45) 
Vv; — Uv 
and phat 
qe = a yt 9 (4-46) 


For a parallel-plate ionization chamber with the charge located as shown 
in Fig. 4-25, 





ae and q = 


—a 
m= a+b! a+b! ae 


since vp — v1 = (ve — v;)a/(a + b). For a coaxial chamber as shown in 
Fig. 4-26, 





_ —In (72/r) _ —In (r/r) 
2 Tn (/n) 7 a In (ri/r2) 7 oe) 
since page fos eo in) 


4-25. Calculation of Pulse Shape in Parallel-plate Chambers 


Consider a parallel-plate chamber with dimensions large compared with 
the spacing d between them so that Eq. (4-43) holds. If, in this chamber, 
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N ion pairs are formed at a distance zx from the collecting electrode, the 
voltage on the collecting electrode is, from Eqs. (4-40) and (4-47), 


v(t) = a ( cone — (4-49) 


where xz, and x_ are the positions of the positive and negative ions, respec- 
tively. 

The application of Eq. (4-47) to this problem needs justification, since 
it was derived under the conditions 
that v, = v, = 0. The collector elec- 
trode changes from zero potential 
by v(t) but, because of the magni- 
tude of C, v(t) is small and the ap- 
proximation of zero is good. The- 
high-voltage electrode is held at a 
fixed potential, —V. Since this is a Fic. 4-25. Induced charges in a parallel- 
constant, the charges due to it can plate ionization chamber. 
be considered separately from those 
due to induction, and the results obtained by holding the electrode at 
zero will be superimposed on the steady charge due to — V. 

The positions x4 and x_ will be 





Electrode 2 


Electrode | 





Ly = Xo t+ wit and L_ = 2% — wt (4-50) 


where w, and w_ are the velocities of the ions. Consequently the velocities 
of the ions determine the duration of the voltage pulse. The velocities are 
obtained from Eq. (4-1). For ordinary conditions of ionization-chamber 
operation, the velocities are several hundred centimeters per second for the 
positive and negative ions but are 10° cm/sec or greater for free electrons. 
Pulse chambers which depend on 
the collection of both the positive 
and negative charges for the pulse 
formation are known as ion pulse 
chambers. The collection time for 
ee Saket e gaat: the positive ions is several millisec- 
e inauc Cc e pr Cc in a cyliine- ° ° ° 

drical anber' by eee +q at cant oe ds in chambers of ordinary dimen- 
Pp. sions and pressures; therefore the 
circuit time constant RC must be at 

least 10 msec, if the full pulse height is to be reached. This arrangement is 
limited to counting rates considerably less than 100 counts/sec. In addition, 
a wide-band amplifier (see Chap. 10) is required to utilize the slow pulses; 
such an amplifier is often unsatisfactory since it is subject to microphonics 
and a-c pickup. Ion pulse chambers have the advantage of giving a pulse 
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height proportional to the ionization, independent of the position of the 
primary ionization in the chamber. 

Because of the preceding considerations, the gases for pulse ionization 
chambers are selected to have small electron attachment coefficients so 
that the negative charge moves as free electrons. The circuit time constant 
is made much less than t, but somewhat larger than ¢_. Ten to twenty 
microseconds is a typical value. In this arrangement the pulses depend 
only on the motion of the electrons. Such chambers are known as electron 
pulse chambers. The remaining discussion will be restricted to this latter 
type of detector. 

Introducing Eq. (4-50) into Eq. (4-49), there results 


_ —New_t (4-51) 


Ne Lo Xi 
vty = Nr — 2-1 +e = —~Ca 
when the motion of the positive ions is neglected and RC is still much 
greater than ¢,. This equation holds until t. = z./w_. After this time, 
v(t) rises extremely slowly, reaching —Ne/C at t, which is of the order of 
1,000¢_. 

If the slow rise following ¢_ is neglected, the pulse height is —Nezx./Cd; 
that is, the pulse height depends on the position at which the ionization 
occurs in the chamber. In Fig. 4-27 the solid curves represent the voltage 
pulses resulting for three ion tracks, each containing N ions but originating 
at different positions in the chamber. 


Collecting 
electrode 
| Track 3 
a 
| Track I~ ues 


High-voltoge 
electrode 





Fic. 4-27. Dependence of pulse size on the position of the primary 
ionization: solid curves, time constant much greater than electron- 
collection time ¢t_; dotted curves, time constant = 0.2 maximum 
electron-collection time. 


From this analysis it is clear that the height of the electron pulse cannot 
be used as a measure of the number of ion pairs formed in a parallel-plate 
ionization chamber. It is to be noticed, however, that each of the curves 
of v(t) starts with the same slope (dv/dt). and that 


dv — New_ 
(3), - =4e% 4-82) 
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is proportional to N, the number of ion pairs. This means that the initial 
current which flows because of the induced charge is —New_/d. Con- 
sequently, if an output voltage pulse can be obtained that is proportional 
to the current flow, its height can be used as a measure of N. This condition 
results for a time constant RC < t_, since the differential equation 


“ _ pc : 
dt = RC di +ov (4 53) 
which describes the system reduces to 
— RY . 
v=Rf di (4-54) 


for CR dv/dt<<v. The dotted curves in Fig. 4-27 represent the voltage 
for the three tracks with RC = 0.2d/w_, where d/w_ is the maximum 
transit time. It is to be noticed that this uniformity in pulse height is ob- 
tained at a considerable loss in amplitude. 


Example 4-8. Compute the pulse height produced by a 5-Mev alpha particle in a 
parallel-plate ionization chamber if the capacity of the system is 20 uuf and the time 
constant RC = 0.2d/w_, where d/w_ is the maximum transit time. 

Solution. By Eqs. (4-52) and (4-54), 

_ RNew. _ (0.2)(5 X 10*)(1.6 X 107") 


oe 6 
Umax d (35)(20 X 10-13) 230 X 10~* volt 


where the energy required to produce an ion pair is taken as 35 ev. 


4-26. Gridded Ionization Chambers 


The above discussion has shown the desirability of having an electron 
pulse ionization chamber in which the output pulse does not depend on the 
position or orientation of the track. This 
can be done by means of a gridded cham- +Vp 
ber of parallel-plate construction, some- 
times known as the Frisch grid chamber 
[43]. Collector ba 


Figure 4—28 is a schematic diagram of 
Grid ——-——=-—--=- +p 


a Frisch grid chamber. A grid is placed Sample | 
between the two electrodes and held at 
an appropriate intermediate potential; eT 
the collecting electrode is positive rela- = 
tive to the other electrodes. Thesample, ya. 4-28. Schematic diagram of a 
emitting either alpha particles or other Frisch grid chamber. 
short-range radiation, is placed on the 
grounded electrode. Thus the ionization is produced between the grounded 
electrode and the grid. 

The grid shields the collecting electrode from the charged particles as 


108 NUCLEAR RADIATION DETECTION 


long as these are between the grid and the grounded electrodes. Since the 
positive ions remain in this region, they induce no charge on the collecting 
electrode. By optimizing the design, including the spacing of the grid wires, 
and the distances and voltages between the electrodes, it is possible, in 
theory [43] at least, to achieve the condition that no electron will be cap- 
tured by the positive grid. Thus the charge appearing at the collector, fol- 
lowing electron collection, is equal to the total ionization produced by the 
particle. 


4-27. Pulse Shape in a Cylindrical Chamber 


Another useful geometry for an ionization chamber is that of a coaxial 
cylinder. Consider such a chamber with a central collector electrode of 
radius 7, and an outer negative electrode of inner radius 7;. The voltage 
pulse induced on the center electrode by the production of N ion pairs at a 
distance r, from the center is calculated, by use of Eqs. (4-40) and (4-48), 
to be 


_ Nef —In (r2/r_) | In (afr) 
= a nGin © mae Cy) 


where r, and r_ are the positions of the positive and negative ions, respec- 
tively. Again assuming that the current is carried entirely by free electrons, 
so that the motion of the positive ion can be neglected, Eq. (4-55) becomes 


_ —WNe In (r,/r_) 
ai: C In (72/71) 


where r, is replaced by 7o. When the ionization is produced at the outer 
electrode, that is, ro = r:, the pulse height reaches the maximum value of 
—Ne/C when the electrons are collected, i.e., when r_ = 7. 

The maximum pulse heights versus r./r: for several values of 7:/r: are 
plotted in Fig. 4-29. These curves show that for large values of r:/r, the 
height of a pulse is quite insensitive to its place of origin in the chamber. 


4-28. Miscellaneous Applications of Pulse Ionization Chambers [1, 3, 41, 44] 


Pulse ionization chambers are used primarily with alpha particles and 
other similar radiation which produce a large specific ionization. For these 
applications the source of the radiation is usually placed in the chamber. 
Measurements include energy distribution, absolute activity, range, and 
specific ionization. 

For energy measurements the gridded ionization chamber has proved to 
be highly successful. An example of this type of chamber as designed by 
Coon and Barschall is shown in Fig. 4-30. Equipped with the paraffin 
radiator as illustrated, the chamber was used for fast-neutron detection 
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(see Sec. 9-12). With the paraffin radiator replaced by a thin deposit of 
normal uranium, the alpha-energy spectrum shown in Fig. 4-31 was ob- 
tained. The peaks have a width of 150 kev at the half-maximum values 
corresponding to a resolution of 3 per cent. The gridded electrode consisted 
of 0.003-in. Cu wires spaced at 1.5-mm intervals. The chamber gas was 
argon at 7.5-atm pressure. The potentials of the high-voltage and gridded 
electrodes were 2,500 and 1,250 volts, respectively, below the collector. 

Range measurements and specific-ionization measurements can be made 
through the use of a very shallow pulse-type ionization chamber. An ap- 


1.0 


'e/r, values shown on the curves 
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Fic. 4-29. Dependence of pulse size on the position of 
primary ionization in a cylindrical ionization chamber. 
(From D. H. Wilkinson, ‘Ionization Chambers and Count- 
ers,’’ Cambridge University Press, London, 1950.) 


paratus suitable for these measurements is shown schematically in Fig. 4-32. 
The chamber is around 1 mm deep. The range determinations are made 
through measurements of counting rate versus either source-to-counter 
distance or pressure. Specific-ionization measurements consist of pulse- 
height determinations at various source-to-counter distances. 

For counting and coincidence measurements, the relationship between 
pulse height and energy is not important. Rather, the principal require- 
ment is that fast counting be possible. In addition, for coincidence meas- 
urements the time of appearance should be well coordinated with the oc- 
currence of the ionizing event. The ungridded parallel-plate chambers are 
particularly well suited for these applications. According to Eq. (4-51), 








Top view cover removed 


Porattin rodiotor 












Position of radiator 
during operation 


High -voltage 
electrode 


Gridded electrode 


Gloss insulators 










































Lead to Jy TT Lead fo 
Ca purifier = — ee ——— Co purifier 
OE SSN 
St a. 
to tes, CASS 
LLL LLL AE LL WLLL LLL LLL 2 
i Rubber gosker 






Collector electrode 


QOSASIO. 
< 


Ce 


Section A-A 


Fic. 4-30. Parallel-plate gridded ionization chamber for energy-distribution meas- 
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only one-tenth or less of this rise time is required are reasonable for alpha 
particles and other similar particles. 

Applications of ionization chambers to neutron measurements are covered 
in Chap. 9. Both pulse- and nonpulse-type chambers are included. 


PROBLEMS 


4-1. Consider a cylindrical ionization chamber with an applied voltage of 750 volts 
and a filling gas of argon at 1 atm and 20°C. Compute the time required for a positive 
argon ion to travel from the outer wall of a cylindrical ion chamber to the inner collector 
electrode, if the outer wall has a radius of 5 cm, the inner electrode has a radius of 1 cm, 
the argon-gas pressure is 760 mm Hg, and the temperature is 20°C. 

4-2. Consider a cylindrical ionization chamber having field-adjusting tubes for guard 
rings, with the radii of the collector, field tube, and wall of the chamber being 0.005 
cm, 1 cm, and 5 cm, respectively. Compute the proper protential for the field tube if 
the potentials of the collector and high-voltage electrode are + 1,000 volts and 0, respec- 
tively. 

4—3. A vibrating-reed electrometer, having an input capacity of 10 uuf, is used to 
make a current measurement by the rate-of-drift method. What is the current which 
produces a linear voltage change of 0.1 volt/min? 

4—4. A certain commercial pocket chamber-type dosimeter with air-equivalent walls 
has the following dimensions: length, 8.0 cm; outside diameter of inner electrode, 0.15 
cm; inside diameter of outer electrode, 1.06 cm. The filling gas is air. To charge the 
chamber, 200 volts are placed across the electrodes. Find the voltage between the 
electrodes following the exposure to 50 mr of gamma radiation. 

4—5. An ionization-chamber-type rate meter employing a vacuum-tube electrometer is 
to be designed for monitoring the rate of exposure to X rays. Dependability is required 
down to 1 mr/hr. The chamber volume is fixed at 500 cm*. If dependable operation 
requires that the grid current of the electrometer tube be less than one-tenth of the 
ionization-chamber current, what is the upper limit on the electrometer-tube currents? 
Can commercial tubes be obtained which meet this requirement? 

4-6. A collimated beam of gamma rays with intensity 1 Mev/(cm?)(sec) passes 
through air at 20°C and 760 mm Hg pressure. What is the rate of energy absorption 
in the air? 

4—7. Consider a 1-millicurie source of Co® at the center of a sphere 1 m in radius. 
Compute in esu the ionization produced by all the secondary electrons created in the 
1-m sphere, if the sphere contains air at normal temperature and pressure. 

4-8. Show that the dose rate expressed in roentgens per hour at 1 ft from a point 
source is 6CE for gamma rays from about 0.2 to 2 Mev, where C is the gamma-source 
activity in curies and E is the gamma energy in Mev. 

4~9. Derive Eq. (4-38), making use of Fig. 4-19. 

4-10. Estimate the current flow which would be present in an extrapolation chamber 
having parallel lucite electrodes of an area of 10 cm? and 1-mm spacing if the dose rate 
in the lucite is 1 rad/hr. Assume that the gas is air at 20°C and 760 mm Hg. 

4-11. Discuss the limitations on the use of a gas with a high negative-ion attachment 
coefficient for making energy measurements of alpha particles in a pulse-type ionization 
chamber. 

4-12. A 4-Mev alpha particle produces a track parallel to the axis of a cylindrical 
ionization chamber at a distance of 2 cm from its axis. The radii of the collector and 
high-voltage electrodes are 0.5 cm and 2 cm, respectively. The total capacity of the 


IONIZATION CHAMBERS 113 


collector-electrode circuit is 20 uuf. Compute the induced charge on the collector elec- 
trode at the instant that the electrons released by the alpha particles have just been 
collected; in addition, calculate the voltage rise that occurs between the time that the 
alpha particle passes through the chamber and the electrons are collected. 
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CHAPTER 5 


THE GEIGER-MULLER COUNTER 


The Geiger-Miller (G-M) counter tube has been the most widely used 
detector of nuclear radiation during recent years. It will undoubtedly 
continue to be quite important in spite of its replacement by the scintil- 
lation counter in many applications. 

The great utility of the G-M tube is a result of several of its character- 
istics. Some of the more important of these are high sensitivity, versatility | 
for use with different types of radiation, wide variety of shapes and win- 
dows, large size of the output signal, and reasonable cost. 

The large sensitivity of these devices arises from the characteristic that + 
the nuclear radiation serves only to trigger a discharge. Any particle that + 
produces ionization in the tube will produce a discharge, even though the 
ionization may consist of only one ion pair. Thus any types of particles 
which can release charge within G-M tubes can be counted by them. 
This includes X and gamma rays, which produce ionization by secondary 
processes, as well as all types of charged particles. 

The principle of operation of the G-M tube is such that these devices can 
be made in a variety of types. Tubes have been built and operated suc- 
cessfully with diameters from around 2 mm to several centimeters and with 
lengths from about 1 cm to several feet. Further, there appears to be no 
apparent limitation at either extreme. Figure 5—1 shows several of the 
shapes and forms in which G-M tubes are made. 

The voltage pulse at the input of the electronic circuits for counting 
G-M-tube pulses is typically of the order of a volt. Consequently, at the 
most, one stage of amplification is needed to precede the discriminator and 
pulse-shaping circuits in the electronic counters. 

The simplicity of the G-M tube is such that its cost is usually only a 
small fraction of the total cost of its associated detection system. The 
costs of G-M tubes range from a few dollars for small cylindrical tubes to 
around one hundred dollars for special-purpose tubes such as high-speed 
and high-efficiency counters. 

In Sec. 2-1 the G-M counter was characterized by the independence of 
its output-pulse size from the primary ionization which initiates it. This 
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property leads to the high sensitivity of the counter which was mentioned 
above. On the other hand, this same property places limitations on the 
' applications of G-M tubes; these same limitations are not encountered with 
scintillation detectors, proportional counters, or other detectors which have 
outputs that are characteristic of the radiations which cause them. 
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Fic. 5-1. Various Geiger-Miller tubes. (a) Bell type; (6) cylindrical type; (c) needle 
counter; (d) jacketed tube; (e) parallel-plate type. 


PRINCIPLES OF OPERATION 
5-1. Introductory Considerations 


The G-M counter tube consists of an envelope in which is incorporated 
two electrodes and the proper filling gas. A few typical arrangements are 
illustrated in Fig. 5-1. The techniques of constructing G-M tubes have 
been reviewed by Mandeville [1]. 

The internal or collector electrode is a fine wire around three- or four- 
thousandths of an inch in diameter. It is often made of tungsten because 
of the strength and uniformity of small-diameter wires of this material. 
The collector is usually a straight wire fastened from insulators at both ends. 
Sometimes, however, the collector is supported by one end only, and the 
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free end is covered by a glass bead. The configuration of the G-M tube is 
usually cylindrical, with the collector mounted coaxially. However, other 
arrangements, such as small loops, have been used for the collector. 

The other electrode, often referred to as the cathode, is generally part 
of the envelope of the tube. If the envelope is metal, it may serve directly 
as the cathode. If the envelope is glass, its inside surface may be covered 
with a conductive coating to form the cathode. Stainless steel, nickel, or 
other high-work-function materials make suitable cathode surfaces. 

The most common filling gases are the noble gases, particularly argon 
and neon. Usually small percentages of additional gases are included for 
quenching purposes, as discussed in Sec. 5-4. Other gases which have been 
used successfully for G-M tubes include hydrogen and nitrogen. One 
principal requirement for satisfactory operation is that the electron attach- 
ment coefficient of the gas be sufficiently small that the negative-charge 
transfer in the tube is by free electrons. G-M tubes will work with gases, 
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Fia. 5-2. Counter input circuit with a G-M tube detector. 


such as air, in which negative ions are formed. However, such gases pro- 
duce a large spread in the time required to form the pulses. 

A large range of gas pressures can be used. Most tube types have 
operating pressures in the range from 7 to 20 cm Hg, although pressures 
up to 1 atm are used sometimes. The choice of pressure affects the oper- 
ating voltage primarily. 

A common circuit incorporating a G-M tube is shown in Fig. 5-2. The 
counter indicated may be the type discussed in Sec. 2-7 and shown in a 
block diagram in Fig. 2-3. It has the property of registering a count each 
time a pulse of voltage at its input exceeds a minimum value established by 
the discriminator of the counter. The capacitor C, represents the counter 
input capacity. 

The high-voltage power supply furnishes the voltage between the 
collector electrode and the cathode. This particular input circuit has the 
advantage of maintaining the cathode at ground potential, a condition 
which is particularly desirable when the metal envelope of the tube is the 
cathode. The collector electrode is at a high positive potential above 
ground. The d-c potential is blocked off from the counter input by the 
capacitor C’;. The resistor Re, in series with the power supply, isolates the 


118 NUCLEAR RADIATION DETECTION 


power supply from the collector electrode, thus allowing the voltage at this 
point to drop upon the collection of electrons following a discharge in the 
G-M tube. The resistance R; in conjunction with FR, allows the equilibrium 
values of voltages to be established again after the occurrence of a discharge. 
Figure 5-3 is an equivalent circuit 

of Fig. 5—2 which eliminates from con- 

sideration the steady or d-c voltages. 

" abo care The coupling capacitor C’; has been re- 
placed by a short circuit since its ca- 

Fic. 5-3. Equivalent circuit of the Pacity is large compared with C,. The 
counter input shown in Fig. 5-2. capacity C is the sum of C, and the 
capacity of the G-M tube as well as 

the ‘jisthbuted capacity of the capacitor C’ to ground. The resistances 
R, and RF, can be combined into a single resistance R = R,R2/(Ri + Re). 

The primary ionization in the G-M tube initiates a series of events 
within the tube which result in a sheath of ion pairs encompassing the 
collector wire. The free electrons are collected very quickly because of 
their high mobility as well as their nearness to the positive collector wire. 
This leaves a positive-ion sheath around the wire which terminates the 
buildup of the discharge by the reduction in the electric-field strength near 
the wire. 

Initially, the collection of the electrons from the ion sheath produces 
very little net charge on the collector. At this point in the production of 
the pulse, the net charge on the collector is estimated by Wilkinson [2] 
to be about 3 per cent of the total electron charge. Some work by Bell, 
Jordan, and Kelley indicates an initial rise much greater than 3 per cent [3]. 
As the positive-ion sheath moves away from the collector, the net charge 
which remains rises, as discussed in Sec. 4-23. 

If the assumption is made that the space charge in the G-M tube does 
not affect its field and if the small initial effect due to the electron collection 
is neglected, the time dependence of the voltage produced at the G-M 
counter input can be calculated by the methods of Chap. 4. For the case 
in which the time constant of the input circuit is much greater than the 
collection time for positive ions, this voltage, v(t), 1s given by Eq. (4-55). 
By use of Eq. (4-1), the velocity, dr;/dt, of the positive ions is 

drs pe 2 uV 7 

dt P prs in (r2/r1) a) 
where pz is the mobility of the positive ions and V is the voltage between 
the electrodes. Upon integrating Eq. (5-1), one obtains 


2V ut s 
ot Lace (/n) 7 rt oa 
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where the approximation has been made that all positive ions start at 
r,; when t = 0. Combining Eqs. (5-2) and (4-55) leads to the expression 


— — Neln {2Vut/(ri2p In (r2/r:)] + 1} 
0) = Cn a) i 


The solid curve in Fig. 5—4 is a plot of this equation for the case r./r,; = 100. 
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Fia. 5-4. Time dependence of the voltage pulse formed 
by a G-M tube for various input circuit time constants 1; 
fe/Ti = 100. 


Letting r+ = 72, one obtains the collection time t, for positive ions, 
from Eq. (5-2), as 


= ae Gi) (5-4) 


Example 5-1. Compute the time required for the positiveions in a G-M tube to travel 
from the region of formation near the collector wire to the cathode in a tube having 
collector-wire and cathode radii of 5 X 10-* and 1 cm, respectively, argon filling gas to a 
pressure of 10 cm Hg, and an applied voltage of 1,000 volts. 

Solution. By Eq. (5-4), one obtains 


a (rs? — ri*)p 2 
7? 2Vu In "1 


(12 — (5 X 10-*)%] 100 


2(10*) (1.04 X 10°) In 200 = 265 XK 10-6 sec 


where the value of » is taken from Table 4-1. 


Commonly, the time constants r of the input circuits are chosen to be 
smaller than the collection time ¢,. The resulting voltage pulses for three 
different values of +/t, are shown in Fig. 5-4. 
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5-2. Counting-rate Versus Voltage Plateau 


The dependence of the pulse size on applied voltage in a gas-filled detector 
was introduced in Sec. 2-1. Figure 5-5 shows the results of measurements 
of this type on a bell-type thin-window G-M tube. This tube contained 
a mixture of helium and alcohol at a total pressure of 72 cm Hg. The 
cathode and collector had 0.63- and 0.005-in. radii, respectively. The 
input circuit was that shown in Fig. 5-2. The alpha source was Po? 

while the beta source was P®. In 
10° all cases the pulse heights which are 
plotted were the largest observed. 

A curve of counting rate versus 
10? the voltage applied to the G-M tube, 
when taken with the radioactive 
source as well as the discriminator 
setting (i.e., the sensitivity of the 
counting system) held fixed, is re- 
ferred to as the characteristic curve. 
Under the correct operating condi- 
tions, this curve has a plateau (see 
Sec. 2-7) with a small slope and a 
length of several hundred volts. 


Figure 5-6 presents counting-rate 
characteristics taken for the G-M 
108 tube whose pulse-height versus volt- 


0 400 | ,800 1200 1600 2000 age curves appear in Fig. 5-5. The 
Pe ane data for Fig. 5-6 were taken with 
Fic. 5-5. Pulse height versus tube volt- the discriminator set to pass all 


age for a bell-type G-M tube (Tracerlab . : 

TGC 1) for both alpha and beta parti- sae soe e hee aie than 
cles; dotted line indicates discriminator the dotte ead In rig. ° ce 
setting. The counting-rate characteristics 


are readily understood by reference 
to Fig. 5-5. The starting voltage V, is the voltage at which the pulse-height 
curve intersects the line indicating the minimum pulse height passed by 
the discriminator. The starting voltage is seen to depend on the particle 
type; it occurs at a lower voltage for alpha particles than for the less 
ionizing beta particles if the discriminator sensitivity is great enough, as in 
Fig. 5-5. The knee of the curve represents the condition under which all 
particles, no matter how small their primary ionization, produce voltage 
pulses larger than the discriminator setting. It also coincides approxi- 
mately with the voltage in Fig. 5-5 at which alpha and beta particles 
produce pulses of the same size. This condition is sometimes referred to as 
the G-M threshold. 


os 
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The rather indefinite knee in the counting-rate characteristic for alpha | 
particles is typical for these particles in thin-end window tubes. The knee 
is spread out even more for higher fluxes of alpha particles. A large 
proportion of the particles succeed in just passing through the window, 
producing ionization only near its inside surface. The presence of the 
resulting positive-ion space charge prevents some of the alpha particles 
from initiating counts, which they would otherwise do. As the voltage is 
increased, this effect is reduced, and the plateau is reached. 

The finite slope in the plateau of the counting-rate versus voltage curve 
is due partially to the extension of the sensitive volume of the counter as 
the voltage increases; in addition, the production of occasional spurious 
pulses (i.e., pulses occurring without the arrival of an ionizing particle) 
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Fic. 5-6. Relative counting rate versus tube voltage for the 
same G-M tube as that used for Fig. 5-5; discriminator set at 
125 mv. 


happens more often at high potentials. The multiple discharges that occur 
because of the failure of the quenching mechanism (see Sec. 5—4) fall in the 
latter category. Slopes of less than 5 per cent per 100 volts are desirable, 
although up to 10 per cent per 100 volts are usable in many applications. 

If the detector voltage is continually raised through the plateau, ulti- 
mately the region will be reached where the counting rate rises sharply. 
This rise results from multiple counts, as described in Sec. 5-4. This 
region is not included in Fig. 5-6. 


5-3. Production of the Discharge 


The detailed description of the production of the discharge in a G-M 
tube has been treated by Wilkinson [2] as well as by others. Briefly, the 
mechanism is as follows: The electrons produced in the G-M tube by the 
primary-ionizing events drift toward the collector electrode, making many 
collisions along their paths. These electrons gain energy while traveling 
toward the collector but lose energy when scattered away from it. They 
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do not gain enough energy between collisions to produce ionization until 
they arrive within the last few mean free paths of the collector. 


Example 5-2. Consider a G-M tube with a cathode and collector of 0.75- and 0.005-in. 
radii, respectively, filled with argon gas to 10 cm Hg pressure. If the tube has 1,000 
volts applied across it, estimate the distance from the collector at which the electron 
gains just enough energy in one mean free path to ionize argon. 

Solution. The distance in question is that at which the electric-field strength E is 
such that the energy gained by the electron in one mean free path is equal to the mini- 
mum energy required to ionize argon, that is, 15.7 ev. Taking the mean free path L 
in argon from Sec. 4-1 as approximately 2 X 10-4 cm at room temperature and 76 cm 
Hg pressure, the required value of E is 


E-= 15.7 volts 7 15.7 


—_—————- = 1 X 10‘ volts/cm 
L(cm) (2 X 10-*)(78{0) 


The electric-field strength as a function of the distance r from the center is 


V 


E- rin (r2/ri) 


and so one has 


1,000 


ey fw am) 1w UAE ANP —2 = ° 
(I X 10%) In (0.75/0.005) ~ 2 * 10% cm = 0.008 in. 


r 

When the ionization does start, it builds up rapidly, since the secondary- 
ionizing events can also produce more ionization. The buildup of ionization 
is referred to as a Townsend avalanche. The initial Townsend avalanche 
terminates when all the electrons associated with it have reached the center 
wire. However, the initial avalanche is followed by a succession of ava- 
lanches, each triggered by the one preceding it. The propagation of the 
avalanches from one to another is believed to be through photon emission; 
the excited atoms, molecules, or ions of one avalanche release photoelectrons _ 
which initiate further avalanches [2]. In tubes containing pure gases and 
requiring external quenching (see Sec. 5—4), the photoelectrons are emitted 
primarily from the wall. In self-quenching counters containing mixed 
gases, the photoelectrons come principally from the gas. 

For an initial discharge to be propagated to further avalanches, the 
condition Nie > 1 must hold, where e¢ is the probability that an ion pair 
will initiate an additional avalanche and N, is the number of ion pairs 
produced in the first avalanche. A typical value [2] for e€ is 10-*. The 
termination of the discharge comes about with the nth avalanche when 
the collection of positive ions around the center wire reduces the electric- 
field strength and therefore the gas multiplication to the point that 
Ne < 1. 

The entire production of the discharge occurs in a fraction of a micro- 
second. Also in this short interval of time the electrons are collected. 
During this period the positive-ion sheath is essentially stationary because 
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of its low mobility. The next stage in the process is the migration of the 
positive ions to the cathode, as discussed in Sec. 5-1. 


5—4. Quenching the Discharge 


In counters containing pure gases, the positive ions migrate all the way 
to the cathode before being neutralized; upon reaching the cathode, they 
combine with electrons from the metal. There are two mechanisms by 
which an additional electron can be emitted as a result of this neutrali- 


zation: the energy difference between the ionization potential of the ion | 


and the work function of the cathode may be radiated as a photon which 
may release a photoelectron; or the energy difference may be used directly 
in @ radiationless liberation of an electron from the cathode. This ad- 
ditional electron will result in another discharge unless provision is made to 
prevent, or quench, it. 

Multiple discharge may be prevented by the circuit external to the 
G-M tube. The circuit shown in Fig. 5-2 will cause quenching, provided 
that the resistance R, is increased to about 10° ohms or greater. With 
this arrangement the discharge proceeds until the cathode-to-collector 
voltage drops, because of electron collection on the collector, below the 
value required to maintain the discharge. This is made possible by the fact 
that the time constant of the input circuit is long compared with the col- 
lection time for positive ions. This circuit has the great disadvantage 
of long resolving times, these being of the order of 10—* sec or greater. 
Various types of faster external quenching circuits have been designed; 
those devised by Neher and Pickering [4] are examples. 

At the present time, because of the availability of good self-quenched 
tubes, nonquenched tubes are seldom used. The self-quenched tubes [5] 
contain a small percentage of a quenching gas in addition to the major 
constituent of the filling gas. There are two types of self-quenched tubes 
in use, namely, the organic-quenched and the halogen-quenched tubes. 

A typical filling of an organic-quenched tube is 90 mm Hg of argon and 
10 mm Hg of ethyl alcohol. More recently, ethyl formate has been pre- 
ferred to ethyl alcohol because of its smaller temperature coefficient. 

During the migration of the positive ions to the cathode, the argon ions 
with an ionization potential of 15.7 volts collide with alcohol molecules 
having an ionization potential of 11.3 volts. Because of the difference in 
the ionization potentials, the charge is transferred to the alcohol molecules. 
Therefore only the alcohol ions reach the cathode to be neutralized. The 
energy released when this occurs goes into dissociating alcohol molecules 
rather than producing further ionization. In this way multiple discharges 
are prevented. 

It has been found [6] that organic-quenched tubes have a life of about 
10'° counts if used near the G-M threshold; this indicates a dissociation of 
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about 10° molecules per discharge. When the organic gas is depleted to a 
sufficient extent, the operation of the tube is characterized by multiple 
discharges. This causes the plateau in the counting-rate versus tube- 
voltage curve to be shorter and to have a larger slope. 

In the halogen-quenched G-M tube [7], a very small quantity of halogen 
gas, such as bromine or chlorine, is added to a noble gas such as argon or 
neon. A typical filling is about 0.1 per cent of chlorine in neon. The 
quenching mechanism is similar to that in the organic tubes. However, 
there is one important difference that affects the life of the tube. In the 
halogen-quenched tube, the quenching gas is apparently not consumed in 
the quenching process. It appears that the diatomic halogen-gas molecules 
are dissociated in the quenching but that there is a recombination mecha- 


- nism present to replenish the supply of quenching gas. This not only ex- 


tends greatly the life of the tube for normal use but also makes it possible 

to run the tubes at higher voltages without sacrificing the life of the tube. 

This latter feature means that output voltage pulses of 10 volts or more 
- Vek 1 - 70 


a Se x Nf 


can be obtained from the tube in normal operation. 


Example 5-3. Halogen-quenched tubes have been operated for more than 10" counts 
without any deterioration in the quenching action. Show that a mechanism must exist 
for the recombination of the halogen molecules. 

Solution. Assuming that the tube volume is 100 cm? and that the filling gas is 10 cm 
Hg of neon with 0.1 per cent of chlorine by volume, one computes the number of chlorine 
molecules to be 

(6.02 X 10*)(100)(10) (107) 


PREM 7 
(2.24 X 10*)(76) 3.5: 10" 


If 10° ion pairs are produced per discharge, only 3.5 X 10’ counts would be required to 
use all the quenching gas if no recombination occurred. 


In the manufacture of halogen-quenched tubes special precautions are 
necessary to prevent the small quantity of quenching gas that is present 
from being absorbed to the tube walls or in any other fashion depleted to 
a large extent. The halogen vapors cannot be used with some cathode 
materials because of chemical action, but cathodes of stainless steel have 
proved satisfactory. 

The halogen-quenched tubes are characterized by short plateaus with 
rather large slopes. Typical values of plateau lengths and slopes are 150 
volts and 10 per cent per 100 volts, respectively. The slope in the plateau 
of this type of tube is due primarily to the increase in the sensitive volume 
of the tube with increased tube voltage. The sensitive volume of the tube 
is defined as that volume in which a primary-ionizing event will result in a 
discharge. This variation in the sensitive volume is due to the dependence 
of the amount of negative-ion formation on the length of time which the 
electrons spend in the gas. The negative-ion formation occurs primarily 
near the cathode where the electric field is the smallest. 

Until recently the normal operating voltage of a G-M tube has been 
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around 1,000 volts. In many cases it is desirable that the voltage be 
lower, particularly to simplify the power supply. By the use of about 
0.1 per cent of an admixture of argon and a halogen gas in neon, it has been 
found [7] possible to operate G-M tubes at 250 volts with good success. 


PARTICLE COUNTING BY G-M TUBES 
5-5. Requirements of the Counting System 


A general description of electronic systems for particle counting was 
given in Sec. 2-7. A typical input circuit for use with a G-M tube was 
described in Sec. 5-1. Detailed descriptions of suitable electronic circuits 
are given in Chap. 10. 

The height of the pulse which appears at the input of the electronic 
counter is a certain fraction of the quantity Ne/C, where N is the number 
of ion pairs formed per discharge in the tube and C is the total input 
capacity. The fraction, which depends on the circuit time constant, as 
discussed in Sec. 5-1, is usually around one-half. The quantity N depends 
on the voltage applied to the tube and on the tube type and construction; 
typical values are from 10*® to 10", the lower values being appropriate for 
the organic-quenched tubes and the higher ones for the halogen-quenched 
tubes. Consequently, the typical pulse heights are from 8/C to 800/C, 
where C’ is in micromicrofarads. For a G-M tube connected directly to 
the input of an amplifier, C is about 20 uuf; therefore the pulse heights are 
in the range from about 0.4 volt to 40 volts. - 

The high-voltage power supply for use with a G-M tube should be capable 
of variation and should have reasonably good regulation. A range of 
voltages from 400 to 1,600 volts would be satisfactory for most tubes. 
Of course, if a single-tube type is to be used, the range of voltage which is 
required is much less. The degree to which the power supply must be 
regulated is determined by the slope of the plateau in the counting-rate 
versus voltage characteristic. 

The requirements of the electronic counter for use with the G-M tube 
are met rather easily. It was seen above that the input sensitivities can be 
quite low. In addition, the requirements for the resolving time are not 
stringent since the G-M tube itself limits the resolving time of the system 
to a few hundred microseconds, as is discussed in the next section. The 
principal considerations in the counter design are that it be insensitive to 
spurious signals and that the electronic scaling factor be sufficiently large 
that the mechanical register will follow satisfactorily. 


5-6. Resolving Times of G-M Tubes 


During the period immediately following the discharge, the electric 
field in the G-M tube is below normal because of the presence of the 
positive-ion sheath. The pulses which are produced by additional ionizing 
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events during this time are modified accordingly. This is illustrated in 
Fig. 5-7, taken from the work of Stever [8]. Additional particles which 
enter the tube during the initial stages of the first pulse will not trigger a 
discharge. This interval is known as the dead time ¢g of the tube. The 
time required for the complete recovery of the pulse size after the end of 
the dead-time interval is known as the recovery time 4,. 

This dead time for the tube sets a lower limit on the time interval between 
the arrival of nuclear particles, if they are to be resolved. For a system 
using a sensitive voltage amplifier, the resolving time +r for the system 
approaches ta, the dead time for the G-M tube. For a less sensitive ampli- 
fier, 7 lies between tg and tg + ¢,. 


Dead time 


Voltage at collector 





0 100 200 300 400 500 600 700 


Fic. 5-7. Illustration of dead time in a typical G-M tube. 
[From H. G. Stever, Phys. Rev., 61:38 (1942).] 


The dead time and therefore the resolving time of a G-M tube are 
variable, even from pulse to pulse in the same tubes. Typical values lie 
from 1 X 10-* to2 X 10sec. This uncertainty can be avoided by fixing 
the inoperative period of the detection system electronically at a value 
somewhat greater than the dead time of the G-M tube. 

The correction which must be made to the counting rate because of the 
finite resolving time is given by Eq. (2-3). This correction is particularly 
important in applications of G-M tubes because the resolving times are 
so large. 

The resolving time for a counting system can be determined experi- 
mentally by the multiple-source method (9]. A simplified version of this, 
known as the two-source method, follows. It involves the comparison of 
the counting rate indicated by the system when two sources are counted 
simultaneously with the sum of the counting rates produced by each of 
the sources taken individually. To accomplish this, let 71, te, 2, and 7 
be the true rate of ionizing events in the tube due to source 1 plus back- 
ground, source 2 plus background, sources 1 and 2 plus background, and 
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background only, respectively; let 71, 72, 712, and m, be the corresponding 
observed counting rates. Then 


ti t Ne = thie + te (5-5) 
or, by Eq. (2-4), 
m Mm — Me ms 
lone Lome Lome er (5-6) 


Using the approximations 





mw ay (5-7) 


~ m+ mr and toe 


1 — mr 
Eq. (5-6) becomes 
_ ™m + mM. — M2 — M 
7 tag? — ta? — tig? ore 
Accurate measurements of 7 require highly accurate determinations of 
mM, Me, and 72, since m, + m, is nearly equal to 71:2. 


Example 5-4. A counting rate of 15,100 counts/min is indicated by a G-M tube having 
a dead time of 250 usec. What would be the counting rate if the dead-time phenomenon 
were not present? 

Solution. According to Eq. (2-4), the counting rate n, after the dead-time loss is 
accounted for, would be 
m 15,100 


"= T= tie ~ T— (15,100)(250 X 10*)/60 — 16100 counts/min 


G-M COUNTERS FOR BETA PARTICLES 
5-7. Importance of Window Thickness 


The distinguishing feature of G-M tubes for use in the counting of beta 
particles is the thin wall or window which is incorporated in the tube. The 
necessity of the thin region for admitting the particles arises from the 
relatively short range of the beta particles which are emitted by most 
radioisotopes. 

A wall thickness of 30 mg/cm? is a common value for the cylindrical-type ! | 
thin-wall glass tubes which are designed for beta counting. These tubes 
are suitable for counting high-energy beta particles. Special thin windows 
are required for soft betas. Commercial tubes of the type shown in Fig. 
5-1a are available with windows as thin as 1.4 mg/cm?, made from mica, 
mylar, or stainless steel. When these windows are not sufficiently thin, it 
is necessary to use windowless counters, i.e., ones in which the beta source 
is placed within the counter. 

When the window thickness is known, an estimate can be made of the 
absorption due to it. This estimate is based on the exponential relationship 
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Eq. (1-15). Table 5-1 gives the per cent transmission as calculated by 
Eq. (1-15) for several different wall thicknesses and beta-ray energies. 


TABLE 5—1. TRANSMISSION OF BETA PARTICLES THROUGH G-M-TUBE 
WALLs AND WINDOWS 


Maximum energy 


Per cent transmission 


of beta 
ene particle, Mev 30 mg/cm? 4 mg/cm!? 1.4 mg/cm? 
cu 0.154 0.03 34 69 
Ca 0.250 1.5 57 82 
Sr” 0.61 28 84 94 
p3 1.7 72 95.5 98.5 


5-8. Over-all Efficiency 


The over-all efficiency of a G-M tube for detecting particles will be 
defined as m/S, where m is the counting rate and S is the source strength 
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Fig. 5-8. Typical setup for an end- 
window tube. (From L. R. Zumwalt, 
U.S. Atomic Energy Comm. Document 
AECU-567, 1950.) 


of the sample. This efficiency de- 
pends on many factors, most of 
which do not remain constant from 
one experiment to another. There- 
fore it is necessary to break down 
the efficiency into these several fac- 
tors and to make corrections for 
changes as they occur. 

The details of the analysis of the 
over-all efficiency differ with counter 
types. A comprehensive study of 
the bell-type end-window tube has 
been made by Zumwalt [10]. The 
results of that analysis are followed 
here. The arrangement which is 
considered is shown in Fig. 5-8. 

The over-all efficiency of the bell- 
type tube for counting beta parti- 
cles may be expressed as 


m 


gg = Gesfmffeff. (5-9) 
where G = geometry factor of count- 
ing setup 
és = intrinsicefficiency of G-M 
tube for beta particles 


re eee 
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fm = multiple-count factor 
f, = dead-time correction 


fw = correction due to absorption between source and tube 

fs = source-mount backscattering factor 

f. = source self-absorption factor 

For precise work there are other sources of scattering which may be 

considered [10]; these are the air, the lining of the shield, and any other 
structures in the vicinity of the source or tube. Scattering by the air 
may give [10] up to 5 per cent increase in the number of particles reaching 
the counter when the source-to-tube distance is several centimeters and 
the particle energy is low. Scattering from the lining of the shield and 
from the other structures can be minimized by making these parts from 
low-Z materials and by keeping them as far as possible from the paths of 
the particles. In this way, scattering from these sources can be made 
negligible, except for a source location quite near the shield bottom. 


5-9. Geometry 


The geometry factor G accounts for the fact that only a portion of the 
particles start toward the tube. Initially all directions are equally probable. 
The quantity G is the fraction of the particles from the source which start 
toward the sensitive volume of the counter. 

The sensitive volume is considered to lie back somewhat from the 
window because of the tendency of charge to collect on the window and 
because of the finite distance that particles must travel beyond the window 
to initiate the discharge [10]. In Fig. 5-8 
the sensitive volume is considered to be 
above the dotted line which is a distance b 
from the window edge. 

For the calculation of the G for the ar- 
rangement in Fig. 5-8, one can make use of 
the representation in Fig. 5-9, provided 
that the source is considered to be a point 
on the axis of the tube. Here the bound- 
ary of the sensitive volume is taken as the 
intersection of a plane with a sphere of 
radius R. The quantity G is simply the 
ratio of the area of this segment of the sphere to the total area of the sphere. 
This is 





Fic. 5-9. Representation of an 
end-window tube for use in the 
calculation of the geometry factor. 
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Similar calculations have been carried out for extended sources [11-13]. 

Both the formulas for the point sources and for the extended sources 
have the uncertainty as to the proper value of b. However, Zumwalt [10] 
found that a value of 4 mm gave good results for a Victoreen end-window 
counter. This tube contained a 0.007-in. collector terminated with a glass 
bead. The inside diameter of the glass tube, which also served as the 
cathode, was 29 to 30 mm. The tube was an organic-quenched type, and 
it was filled with partial pressures of 9 and 1 cm Hg of argon and alcohol, 
respectively. 


5-10. Scattering and Absorption 


The factors fi, f., and f., correct for the fact that the number of particles 
which enter the sensitive volume of the counter differs from the number 
which start toward it at the instant of disintegration. The product 
Gfif.f. represents the fraction which actually reach the sensitive volume. 


100 


Per cent of soturation 





O 10 20 30 40 50 60 70 80 90 100 
Bocking thickness, mg/cm? AL 


Fic. 5-10. Backscattering-growth curve for I'*! radiation (0.6 Mev 
maximum) and Bi?® (1.17 Mev maximum), with aluminum backing. 
(From L. R. Zumwalt, U.S. Atomic Energy Comm. Document AECU- 
567, 1950.) 


Backscattering is the phenomenon by which particles which originally 
start away from the tube are scattered back toward it. This is the result 
of multiple Rutherford scattering. The factor f, accounts for backscat- 
tering from the source backing material. It is defined as the ratio of the 
counting rate with the backscatterer in place to that with no backscattering 
material. Its value ranges from 1 to almost 2, depending on the thickness 
and atomic number of the backing material. 

Figure 5-10 shows the dependence of the backscattering on the thickness 
of aluminum backings for two different beta emitters. It is found experi- 
mentally that the saturation thickness of backing material is about two- 
tenths of the maximum range of the particles in the material. 
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Because of the rapid dependence of backscattering on the thickness of 
the backing, sources are prepared either on a very thin backing, so that 
fe is 1, or on a sufficiently thick backing so that the saturation backscat- 
tering factors can be used. Some information on saturation backscattering 
appears in Fig. 5-11, where the saturation backscattering factors are 
plotted as a function of the atomic number of the backscatterer for several 
beta emitters. 





Bockscottering foctor % 


“Oo 10 20 30 40 50 60 70 80 90 100 
Atomic number (Z) of backing 


Fic. 5-11. Saturation backscattering factors of various radiations 
versus atomic number. (From L. R. Zumwalt, U.S. Atomic Energy 
Comm. Document AEC U-567, 1950.) 


The dependence of the backscattering on the energy of the primary 
radiation has been shown [10] to be due to the absorption by the air and 
the window. When this is taken into account by the methods of this 
section and the extrapolated counting rates are compared, the curve in 
Fig. 5-12 results; the backscattering factor is seen to be independent of the 
energy of the beta emitter. 

The values of backscattering factors depend somewhat on the geometry 
of the counting setup. The data which were quoted above hold for a 
source-to-tube distance of 2.5cm. In addition, the backing materials were 
in intimate contact with the sources. 

The self-absorption factor f, [11-14] takes into account the effect of the 
finite thickness of the source on the number of particles reaching the 
source. Two effects compete here. One is an increase in the number of 
particles reaching the counter because of scattering of particles in the right 
direction; the other is absorption of radiation by the source. 

Whenever possible, sources should be prepared so that they are suffi- 
ciently thin that this factor can be neglected. For this to be accomplished, 
nearly carrier-free radioisotopes need to be employed. 

Equation (1-15) can be used to make a crude calculation of f,, if scatter- 
ing is neglected. Consider a source which emits c, beta particles per unit 
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© Co” radiation 
@ RoE radiation 
e P* radiation 
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Fic. 5-12. Saturation backscattering factor (as determined by the 
extrapolation method) versus atomic number. (From L. R. Zumwalt, 
U.S. Atomic Energy Comm. Document AECU-567, 1950.) 


time in the direction of the counter if self-absorption is neglected. If the 
source has a uniform thickness s, the contribution of a thin layer dz is 
dco = (Co/s) dx. However, the activity which escapes the source from a 
layer at a distance zx from the surface is 


_ Coe~** AL 
8 


dc 


Therefore, the total activity leaving the source toward the counter 1s 


e= fac= 2 —em 
0 LS 


and the self-absorption factor is 


f.= f= -e™) (5-11) 


This relationship holds reasonably well for small source-to-counter dis- 
tances. For large source-to-counter distances, the scattering effect may 
become important. It actually can cause an initial rise in the factor f, as 
the source thickness is increased. 

When an accurate account of self-absorption must be made, it should be 
measured as a function of the source thickness for the particular arrange- 
ment of interest. This may be done by making a series of measurements 
of the counting rate in which the total activity is held constant while s is 
changed by the addition of inactive material. The resulting data of the 
counting rate versus source thickness s, after being normalized to 1 for zero 
source thickness, give f, versus 8. 
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The absorption factor f, is the ratio of the actual counting rate to that 
which would be obtained if there were no absorption between the source 
and the interior of the counter. The absorption is due to the tube window, 
the air, and any other absorbers which may be placed between the source 
and the tube. The quantity f.. can be calculated approximately by the use 
of Eq. (1-15). However, it is more accurate to measure f,, directly for each 
counting setup by the use of a series of aluminum absorbers. This is pos- 
sible since aluminum, air, and mica all have the same mass absorption 
coefficients. 

To carry out these measurements, the aluminum absorbers are placed as 
near the counter as possible to minimize scattering effects. The true count- 
ing rate 7, that is, the actual counting rate corrected for dead-time losses, 
is plotted on semilog paper versus 
the thickness of the added aluminum 
absorber. The resulting curve is ex- 8000 
trapolated back to a distance d; be- 
vond the point corresponding to zero 6000 
added-absorber thickness; here d; is 
the entire absorber thickness be- 
tween the source and the interior of 
tube, not counting the added alu- 
minum absorbers. The quantity d; 
consists of the tube window thick- 
ness, usually specified by the tube 
manufacturer, the air, and any other 
absorbers such as a source cover. 
The thickness d, due to the air at 
760 mm Hg and 25°C is 


10,000 






Counting rate, counts/min 


d,(mg/cm?) = 1.18s(cm) Aluminum absorber, mg/cm? 


. : Fre. 5-13. Aluminum-absorber curve for 
where s is the distance from the  yjs0 radiation. (From L. R. Zumwalt, 


source to the tube window. U.S. Atomic Energy Comm. Document 
Figure 5-13 is a typical plot for A#CU-567, 1950.) 

use in the study of absorption. The 

quantity f. is the ratio of the counting rate at zero to the extrapolated 

counting rate at —d;. Zumwalt [10] has investigated the methods of 

extrapolating such curves. He recommends the use of the expression 


No 


To 9 (ka, +k'd) (5-12) 
Next 





fo = 


where k is the magnitude of the slope of the absorption curve at zero added 
absorber and k’ is given by Table 5-2. 
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TaBLE 5-2. Facrors FOR CORRECTING CURVATURE OF 
ALUMINUM-ABSORBER CURVES FOR .SEVERAL ISOTOPES* 


Maximum beta 


Isotope energy a k, 
Mev em?/mg 
Co® 0.31 0.05 
ps 0.60 0.024 
Bi?!° 1.17 0.021 
p22 1.7 0.01 


*From L. R. Zumwalt, U.S. Atomic Energy Comm. Docu- 
ment AECU-567, 1950. 


Example 5-5. Use the data in Fig. 5-13 and Table 5-2 to calculate f,. for a counting 
setup in which a Bi*!* source is 2.5 cm from an end-window counter having a window 
thickness of 2.0 mg/cm’. 

Solution. The value of d; is 


d, = 2.0 + (2.5)(1.18) = 4.96 mg/cm? 
From Fig. 5-13 the slope at zero is 0.026 cm?/mg; therefore, by Table 5-2, 
k’ = (0.026) (0.021) = 5.4 & 10-4 (cm?/mg)? 
Making use of Eq. (5-12), 
fe = exp [— (0.026) (4.96) — (5.4 X 10-*)(4.96)?] = exp [— (0.129 + 0.0132)] = 0.87 


5-11. Intrinsic Efficiency and Multiple Counts 


To complete the problem of relating counting rate to source strength, 
one needs to know the relationship between the counting rate and the num- 
ber of particles which enter the tube. This is given by the product of the 
factors f,, fm, and €g. 

The dead-time correction f, is just m/n; it can be calculated by Eq. 
(2-4), provided that 7 is known. This factor depends on the counting rate 
and will need to be considered only at high rates. 

The factor fm is the ratio of the number of counts, after dead-time cor- 
rections, to the number of primary discharges which occur in the sensitive 
volume of the tube; this ratio can be slightly greater than 1 because of 
multiple discharges. It increases slightly with the tube voltage, being the 
principal cause for the slope of the plateau of an organic-quenched tube. 
The multiple-discharge factor also increases as a tube ages; the increase 
results from the disappearance of the quenching gas as the tube is used. 

The intrinsic efficiency eg for beta counting is defined as the fraction of 
the particles which, upon entering the sensitive volume of the tube, produce 
discharges. Its value for a G-M tube is nearly unity since a single ion pair 
is sufficient to trigger the discharge. The binomial-distribution law, given 
by Eq. (3-2), can be used to show that the probability of producing at least 
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one ion pair in the tube is large. Assume that the path of a beta particle in 
the tube is divided into N segments, where N is sufficiently large that no 
one segment contains more than one ion pair. The probability p of an ion 
pair being produced in any one segment is b/N, where 6 is the total number 
of primary ion pairs that the beta particle will produce along the path, on 
an average. By Eq. (3-2), the probability P(0) that no ionization will be 
produced in any segment is 


N! b \¥ 


for large values of N. Thus the probability that a particle will produce a 
discharge while traveling a distance in which it should produce an average 
of b primary ion pairs is given by 


Probability of discharge = 1 — e~® (5-13) 


Example 5-6. What is the probability that a 1-Mev beta particle will cause a dis- 
charge while traveling 1 cm through a G-M tube containing argon at a pressure of 10 
cm Hg? 

Solution. By Fig. 1-8, the primary specific ionization is 20 primary ion pairs per 
centimeter in air at normal temperature and pressure. Since the specific ionization is 
directly proportional to the atomic number of the gas and inversely proportional to the 
pressure, one obtains 


18\/10 “3 : 
b = (20) (8) (7°) zz 6.6 ion pairs 
Therefore the probability of a discharge is 1 — e** = 0.999. 


Even though the probability of producing an ion pair per unit path 
length is large, a few millimeters must be traveled if it is to approach unity. 
Thus particles which pass through a tube window near its periphery may 
strike the tube wall before initiating a discharge. However, if the sensitive 
volume is defined so as to exclude this region, as was done in Sec. 5-9, the 
intrinsic efficiency can be taken as 1. 

In halogen-quenched tubes the sensitive volume is reduced further by 
negative-ion formation, as was discussed in Sec. 5-4. The fraction which 
the sensitive volume comprises of the total tube volume depends on the 
tube voltage; about eight-tenths is a typical value. 


5-12. Absolute and Relative Beta Counting 


In principle, the absolute activity or strength S of a source can be deter- 
mined from the measured counting rate m by the use of the expression for 
over-all efficiency. This can actually be accomplished [10] if sufficient 
attention is given to determining the factors for use in Eq. (5-9). How- 
ever, if other methods for determining activity are available, they are 
usually preferable. 
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The most precise determinations of the absolute activities by simple 
counting experiments involve the comparison of the counting rate of the 
unknown sample with that of a standard of known activity. Beta stand- 
ards are available from the National Bureau of Standards. In addition, 
they can be prepared in well-equipped radioisotope laboratories by the use 
of proportional counters, as discussed in Chap. 6, and by coincidence meth- 
ods. Seliger and Schwebel [15] have discussed methods of calibrating beta 
standards. 

In most applications of beta counting, the problem is the comparison of 
activities. An absolute activity measurement by comparison with a stand- 
ard is only one of many possible examples. If S; and Se are the source 
strengths which are being compared and 7m and me are the corresponding 
counting rates, the simple relationship S,/S2 = m./mz holds only in excep- 
tional cases. In general, the complete expression 


Si _ m Grepof mo rofoos wos s2 


Se . mM Gries fmifriforfurter 
must be considered. The individual factors can be canceled out only after 
they have been shown to be identical. 

In measurements which require the comparison of the activity of one 
source with that of another, the attempt should be made to prepare the 
sources In as nearly as possible an identical manner. The sources should 
have the same backing, thickness, and position. In addition, they should 
have the same energy spectrum, since the factors f., f., and fz all depend on 
energy. It is not always possible to obtain the ideal conditions with 
identical correction factors. In these cases corrections must be calcu- 
lated, following the methods outlined in the preceding sections. 

In precise work which is carried out over a period of time, it is wise to 
maintain periodic checks on the over-all efficiency of the counting setup. 
Relative values can be obtained by measurements on a reference source, the 
activity of which either does not change or changes by known amounts. 
These measurements allow the correction for changes as they occur. Prob- 
ably the commonest causes of changes are the aging and the replacement of 
the G-M tubes. 


(5-14) 


G-M TUBES FOR GAMMA AND X RAYS 
5-13. Tube Walls for Gamma- and X-ray Detectors 


The detection of X and gamma rays by G-M tubes requires the produc- 
tion of secondary electrons by the radiation. These secondary electrons 
can come from interactions with any portion of the tube, provided that 
these electrons can reach the sensitive volume in which they will initiate a 
discharge. For low-energy radiation, i.e., of the order of 20 kev, the absorp- 
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tion coefficient is so high that a large fraction of the photons can be ab- 
sorbed directly in the filling gas. On the other hand, the absorption by 
the gas is negligible for high-energy photons, and the interactions in the tube 
wall are required in order that the detection process be sufficiently efficient 
for a useful device. 

The intrinsic efficiency e, of a G-M tube for gamma counting may be 
defined as the number of secondary electrons entering the sensitive volume 
of the tube per photon striking the tube. It will be observed that, by this 
definition, the attenuation of the gamma rays by the tube wall is included 
in the intrinsic efficiency. The efficiency depends not only on the fraction 
of the gammas which are absorbed by the tube but also on whether or not 
these secondary electrons reach the interior of the tube. Only those second- 
ary electrons which are produced in a section of the wall which is no farther 
from the tube interior than their range can possibly cause a count. 

An accurate calculation of ¢, is difficult because of several complications, 
including the variation in the direction and in the energy of the secondary 
electrons and their crooked paths in the walls. However, an approximate 
expression can be derived; this is 


e, ~ TR, + oR, + AR (5-15) 


where 7, o, and « are the partial absorption coefficients of the wall material 
for the photoelectric, Compton, and pair-production methods of absorption, 
respectively, and R,, R,, and Rx are the 
corresponding ranges of the secondary 
electrons in the wall materials. 

The schematic representation in Fig. 
5-14 is used to derive Eq. (5-15). The 
assumptions are that the gamma rays 
pass through the center of the tube and 
that one-half of the secondary electrons 
which originate in the shaded area, the 
thickness FR of which is the range of the 
secondary electrons, enter the sensitive 
volume. Further, the wall thickness is at 
least as great as the range of the most Fic. 5-14. Schematic representa- 
energetic electrons but not so great as to ton of a G-M tube used for estimat- 

: ing the intrinsic efficiency for 
attenuate the gamma rays appreciably garimn-eounting: 
before they enter the shaded area. Under 
these conditions the contribution to the efficiency by the photoelectric 
absorption in one wall is (44)(1 — e~*-") or (144)R,7 since R,rK1. The 
inclusion of similar contributions by each process at both walls leads to Eq. 
(5-15) if it is recalled that each pair-production process results in two 
charged particles. 
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The ranges of the secondary electrons can be obtained from Fig. 1-10, 
provided that their kinetic energies are known. The energies of the photo- 
electrons and the electrons in the pair are hy and (44)(hy — 1.02) Mev, 
respectively, where hy is the photon energy. The Compton electrons have a 
spectrum of energies. However, for this calculation the average energy 
hvoa/(oa + o.) may be used, where g, is the energy absorption portion and 
o, is the scattering portion of the Klein and Nishina absorption coefficient 
(see Sec. 1-14). 

In the intermediate energy region where the electrons are liberated 


, primarily by the Compton effect, the material of the wall has little effect on 


the intrinsic efficiency since the range of the electrons is approximately 


inversely proportional to Z while the Compton absorption coefficient. is 


S 


directly proportional to Z. At low energies where the photoelectric effect 
is the predominant one, the high-Z wall materials produce the highest- 
efficiency counters since 7 is proportional to Z*. At energies sufficiently 
high for pair production to have the predominant effect, the high-Z ma- 
terials result in higher efficiencies because x increases as Z?. 

The curves in Fig. 5-15 give measured values of the dependence of ef- 
ficiency on photon energy for aluminum, brass, and bismuth tube walls 
[16]. In addition, some values calculated for aluminum by the use of Eq. 
(5-15) are included. Other measurements of efficiency which check the 
data in Fig. 5-15 in general but not in detail have been reported [17,18]. 
The nearly linear increase of efficiency with energy through the region in 
which the Compton effect predominates is due to a similar increase in the 
range of secondary electrons with energy while the absorption coefficient 
remains fairly constant. 

Data such as those in Fig. 5-15 should be taken only as approximate 
since the exact values of efficiency depend on the wall thickness and on the 
configuration of the cathode. The increase in the efficiency by the use of 
special cathode designs is discussed in Sec. 5-16. 


5-14. G-M Tubes in Radiation Survey Meters 


The dependence of the G-M tube efficiency on the gamma-ray energy is 
particularly important in its application in radiation survey meters. In 
such instruments the counting rate of the G-M tube is related to the dosage 
rate. In general, this relationship is an involved function of energy; there- 
fore the scales which are supplied with these instruments give only a qualita- 
tive indication of the actual dosage rate. Sinclair [19] and Day [20] have 
studied the energy dependence of instruments of these types. The correc- 
tion factor versus energy is shown for a typical instrument in Fig. 5-16. 
The correction factor is the number by which the scale reading must be 
multiplied to obtain the correct reading. 

It is seen by Eq. (4-37) that the dosage rate in roentgens is proportional 
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to the product of the absorption coefficient of air and the photon energy. 
By Eq. (5-15), the counting rate should be proportional to the product of 
the absorption coefficient in the tube wall material and the secondary- 
electron range. Therefore, in the energy range in which absorption coefh- 
cients are essentially constant, the correction factor is proportional to the 
ratio of the photon energy to the particle range. A decrease in this ratio 


Intrinsic efficiency 





Photon energy, Mev 


Fic. 5-15. Dependence of intrinsic efficiency on energy for three 
cathode materials. [From H. Bradt et al., Helv. Phys. Acta, 19:77 
(1946).] Dotted curve is the efficiency of an Al wall tube calculated 
by Eq. (5-15). 


accounts for the corresponding decrease in the correction factor in Fig. 
5-16 as the energy goes up from 0.3 Mev. 

On the other hand, when the energy is decreased from 0.3 Mev, the 
photoelectric process becomes the predominant factor in the absorption 
process. Since the photoelectric absorption increases rapidly with the 
atomic number of the absorber, the absorption in the wall material pre- 
dominates, and the correction factor drops rapidly as the photon energy 
drops. 

At the very low energies, the correction factor rises again because of the 
excessive absorption of the photons while entering the tube. This effect is 
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emphasized by placing the beta-ray shield over the tube. Curves for both 
the covered and uncovered tubes are included in Fig. 5-16. 


Legend 
15 mr/hr with B- roy shield off 
5 mrvhr with B-roy shield off 
L7 mr/hr with B- roy shield off 
13. mr/hr with B- ray shield on 
5 mrvthr with B- roy shield on 
L7 mr/hr with B- roy shield on 


Correction foctor 
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Fic. 5-16. Correction factors for the Victoreen G-M-tube 
survey meter 509, model 263A. [From F. H. Day, Natl. Bur. 
Standards (U.S.) Cire. 507, 1951.] 


5-15. Over-all Efficiency for Gamma Counting 


The counting rate of a G-M tube for detecting gammas can be related to 
the gamma-source strength S by Eq. (5-9), provided that ¢s is replaced by 
e,, the intrinsic efficiency for detecting gammas. All other terms have the 
same meaning as previously. 

It is important to observe that the intrinsic efficiency for gammas is 
about 0.01 instead of 1, as with betas. Further, its dependence on the 
gamma-ray energy and on the tube wall material and thickness must be 
taken into account. Approximate values of e, can be taken from Fig. 5-15 
or calculated by Eq. (5-15). However, for accurate measurements it 1s 
preferable to determine e, experimentally for the particular type of tube 
which is being used. 
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The geometry factor can be treated in the same fashion as discussed in 
Sec. 5-9. Thus Eq. (5-10) is applicable to a source on the axis of an end- 
window-type tube. A common arrangement is that of a point source 
irradiating a cylindrical tube from the side. For the case in which a line 
from the source to the center of the tube is perpendicular to the tube axis, 
the geometry factor is given by [21] 

RL/2 


1 RD ee a ee ee 
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(5-16) 
where R = tube radius 
L = length 
d = distance from tube center to source 
b? = (L/2)? + d@? 
In many cases the tube-to-source distance d is sufficiently large that the 
geometry factor can be approximated by 


_ A 
~ 4d? 
where A is the cross-sectional area of the tube. 
The absorption in the source and between the source and the tube can 
often be neglected in gamma counting. In addition, because of the large 
penetrating power of gammas, it is relatively easy to obtain a backing 
material that is sufficiently thin that backscattering is negligible. However, 
if these factors become significant, the correction factors can be calculated 
or measured by the methods which were discussed in Sec. 5-10. 


G (5-17) 


SPECIAL-PURPOSE G-M TUBES 
5-16. High-efficiency Gamma Tubes 


It was pointed out in Sec. 5-13 that the intrinsic efficiency of G-M tubes 
is quite low. It is apparent from Fig. 5-15 that a small increase can be 
obtained by making the walls of high-Z materials. In addition, gains in 
efficiency can be realized by using a fine-mesh-screen cathode [22] or by 
employing a combination of plate and fin structures fastened to the cathode 
[23]. A stainless-steel tube constructed in this latter manner is about five 
times more efficient [23] for 0.37-Mev gammas (I'') than is a glass-wall 
bell-type tube of conventional construction. This gain in efficiency comes 
about because of the increased cathode area from which secondary electrons 
can reach the sensitive volume of the tube. 

Graf [24] has studied multiple-section G-M tubes for gamma-ray count- 
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ing. He has described a counter composed of 24 tubes in parallel. The 
tubes had bismuth-plated brass-screen cathodes and were all combined in 
the same envelope. Figure 5-17 is a schematic diagram of this device. 
Its efficiency was found to be several times larger than that of a conven- 
tional tube. In addition, the tube had the advantage of a dead time as low 
as 3 or 4 usecs. The low dead time in this counter results from the fact that 
the discharges are confined to the section in which they originate. Thus, 
while one section may be in an insensitive condition at any given instant, 
as Many as 23 other sections can accept an additional count. 
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(6) Section A-A 


Fic. 5-17. Multiple-section G-M tube for gamma-ray counting. [From 7. Graf, Rev. 
Set. Instr., 21:285 (1950).] 


Figure 5-18 is a schematic diagram of another counter with multiple 
sections. The tube has been designed for 8-kev X rays [25]. It consists of 
10 cells, each approximately 1 cm square by 2.5 cm long, placed transverse 
to the beam. Each cell has an opening through which the beam may pass 
without touching the walls. The secondary electrons which are required 
to start the discharges are produced by absorptions in the filling gas. The 
tube has a very thin beryllium window in order to minimize the absorption 
of the soft X rays in the window. Because of its low dead time, the counter 
is capable of operation at rates up to 10,000 counts/sec. 


5-17. The Integrator Tube 


A recent extension of the G-M-tube principle is referred to as the in- 
tegrator tube [26]. Jt has been found possible to operate specially designed 
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tubes in high-radiation fields and to use the average current rather than a 
count of the individual pulses as a measure of flux. 

Integrator tubes can deliver currents of the order of 50 namp. Halogen 
quenching gases are employed since they are not used up during the life of 
the tubes. The electrodes undergo special processing in order that they can 
withstand the high current. The output of the tubes is quite dependent on 
the applied voltage so that a well-regulated high-voltage power supply is 
required. 





9 \ %v % & D © 


Fic. 5-18. G-M tube for 8-Mev X rays. (Courtesy of 
Victoreen Instrument Company.) 


5-18. Counters with Internal Sources 


Several G-M tubes have been designed in such a way that the samples 
can be placed within them. With such arrangements the geometry factor 
can be at least 0.5. In addition, since these tubes are windowless, they can 
be used with very weak betas such as C". 

One type of windowless tube is known as a screen-wall counter [27]. It 
is so named because its cathode or wall is made of screen wire, usually about 
10-mesh copper. The sample is placed on the inside surface of a cylinder 
which surrounds the screen cathode. After the tube is assembled with the 
source, it is evacuated and then filled with a mixture of argon and ethylene 
at 9.5 cm Hg and 0.5 cm Hg, respectively. 

Other G-M tubes which were arranged so that the source could be 
placed within them have been described by Tait and Hagges (28] and by 
Brown and Miller [29]. In addition, flow-type chambers such as those 
described in Sec. 6-3 have been used in the G-M region. 


5-19. Photosensitive G-M Tubes 


Since G-M tubes are sensitive to single electrons, they will respond to 
photons of ultraviolet and visible light if this light is allowed to produce 
photoelectric emission within the tube. In the application of G-M tubes 
to nuclear-radiation detection, the photosensitivity is avoided by making 
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the envelopes of the tubes opaque to light or by special treatment of the 
tube surfaces. 

Mandeville and Scherb [30] have reviewed the development and the ap- 
plication of tubes in which the photosensitivity is utilized. A number of 
workers have succeeded in developing G-M tubes with good sensitivity in 
the ultraviolet region. Typical quantum efficiencies are 10-? to 107 
electron/quantum. 

The photosensitive G-M tubes are much more sensitive to low-intensity 
light than are ordinary photocells, since the G-M discharge serves to pro- 
duce a large current multiplication. Photomultiplier tubes (see Chap. 7) 
have a similar sensitivity to the photosensitive G-M tubes; however, they 
have the disadvantage of more complexity both in the tube proper and in 
the associated electronic equipment. On the other hand, the G-M tubes 
have a much larger dead time than the photomultiplier tubes. The photo- 
multiplier tube is found to be preferable to the photosensitive G-M tube 
for most applications. 
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5-20. Hollow-collector and Parallel-plate Geiger-Miller Tubes 


Until quite recently all G-M-tube designs have utilized fine wires for the 
collector electrodes, as has been discussed in this chapter. The small col- 
lector is required to achieve adequate quenching with most filling gases. 
In addition, increasing the collector diameter results in higher tube voltages, 
greater slopes of the plateaus, and shorter plateau lengths. 

Hermsen et al. [31] have shown that the use of the low-voltage halogen- 
gas mixtures (see Sec. 5-4) makes possible the construction of useful G-M 
tubes with large-area collectors. Both cylindrical tubes with large hollow 
collectors and parallel-plate counters have been studied. The counting 

characteristics of these devices are 


Filling tube quite good. These departures from 
conventional G-M-tube design re- 

Gloss sult in counters with more suitable 

insulator ~=s geometry for certain applications. 

Mico window In addition, the dead time of the 

Fic. 5-19. Parallel-plate G-M_ tube. large-area collector tubes can be 


(From J. Hermsen, A. M. J. Jaspers, 
P. Kroayeveld, and K. van Duuren, “Pro- 
ceedings of the International Conference on 
the Peaceful Uses of Atomic Energy,’ vol. 
14, p. 275, United Nations, New York, 
1956.) 


made smaller than that in tubes 
with fine wires. 

Figure 5-19 is a schematic draw- 
ing of a parallel-plate counter. The 
mica window may be coated inter- 
nally with a conductive coating or 


supported by a metal grid. The counting characteristics are given by Figs. 


5-20 and 5-21. 


Both the counting-rate-tube-voltage curves of Fig. 5-20 


and the dead-time—tube-voltage curves in Fig. 5-21 are quite depend- 
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Fic. 5-20. Counting-rate—tube-voltage 
curves for a parallel-plate G-M_ tube. 
(From J. Hermsen, A. M. J. Jaspers, 
P. Kroayeveld, and K. van Duuren, 
“Proceedings of the International Confer- 
ence on the Peaceful Uses of Atomic En- 
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Fic. 5-21. Dead-time—tube-voltage curves 
for a parallel-plate G-M tube. (From J. 
Hermsen, A. M. J. J aspers, P. Kroayeveld, 
and K. van Duuren, “‘Proceedings of the 
International Conference on the Peaceful 
Uses of Atomic Energy,’’ vol. 14, p. 275, 


ergy,’ vol. 14, p. 275, United Nations, 
New York, 1956. 


United Nations, New York, 1956.) 


ent on the value of the scries resistance R. High values of R give good 
plateaus. On the other hand, the small dead times are achieved only with 
low values of FR. 


5-21. Needle Counter 


A G-M tube development of great importance in medical diagnosis is the 
needle counter [32]. Figure 5-1c is a schematic diagram of this counter 
type. The envelope of the active region of these counters Is a fine steel tube 
about 2 to 3 mm in diameter and with a wall thickness of 0.1 mm. The 
sensitive region may be about 1 cm in length. Because of its shape and 
small size, the needle counter can be used as a probe in soft tissue and sim- 
ilar regions. 


PROBLEMS 


5-1. If a G-M tube which contains 90 mm Hg of argon and 10 mm Hg of alcohol has a 
lifetime of 10! counts, calculate the number of molecules of alcohol dissociated per 
discharge, under the assumption that the end of the tube life occurs when all the alcohol 
molecules have been dissociated. 

5-2. A G-M counter with a resolving time of 200 usec is employed for 2-min counts 
on a source producing a counting rate of about 20,000 counts/min. Would the dead- 
time loss be significant in view of the other errors present? 

5-3. If a G-M tube has a counting-rate characteristic with a plateau slope of 10 per 
cent per 100 volts, what regulation is required on the high-voltage power supply if no 
change in efficiency greater than 0.5 per cent can be tolerated? 

5—4. Consider a beta emitter with maximum energy of 1 Mev. Estimate the per- 
centage transmission of these particles through a G-M tube wall of a thickness of 25 
mg/cm?, 
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5-5. Compute the activity of a beta emitter from the following data taken with an 
end-window G-M tube: 








Added absorber, Counting rate, : 
mg/cm? counts /min Register factor 

0 460 64 

7.5 434 64 

14.0 : 407 64 

20.5 394 64 

29.0 370 64 
Background 0.5 64 


Take the characteristics of the counter setup as follows: distance from source to window, 
4 cm; window thickness, 2 mg/cm!?; source, thin (neglect self-absorption) and plated on 
an aluminum planchet }% in. thick; resolving time, r = 150 usec; geometry factor, 0.05. 

5—6. A beta source has a thickness of 30 mg/cm*. Estimate the source self-absorption 
factor if the beta emitter emits electrons of a maximum energy of 0.25 Mev. 

5-7. The absorption and backscattering of beta particles are used as the basis of a 
thickness gauge. Discuss the range of thickness for which such a gauge could be used 
by transmission techniques and by backscattering. 

5-8. Discuss the errors inherent in Eq. (5-15). 

5~9. Explain why the intrinsic efficiency of a G-M tube for gamma counting is nearly 
a linear function of the gamma energy from about 0.2 to 2 Mev. 

_ ¥=10. A scheme has been proposed for locating lost golf balls by incorporating some 

‘radioactive material in the golf ball and searching for it with a G-M counter. Compute 
the strength in curies of a radioactive source in a golf ball that would be required to 
double the counting rate on the G-M counter at a distance of 10 m from the golf ball. 
Assume a counter with an effective cross-sectional area of 10 cm?, an efficiency e, of 
0.01, and a background counting rate of 30 counts/min. In addition, determine the 
number of golf balls which would be required to produce a dosage rate of 7.5 mr/hr at 
50 cm if Co® is used for the radioactive material. 

S=11. Prove that Eq. (5-16) can be approximated by Eq. (5-17) as d becomes large. 

5-12. Compute the geometry factor at a perpendicular distance of 10 cm from the 
center of the axis of a cylindrical G-M tube with length and radius of 10 and 1 cm, 
respectively. Compare the approximation given by Eq. (5-17) with the more, accurate 
value. 
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CHAPTER 6 


PROPORTIONAL COUNTERS 


The operation of gas-filled chambers in the voltage region where gas 
multiplication is present while proportionality to the particle energy is still 
maintained has resulted in a very useful detector. This region, lying be- 
tween those of the ionization chamber and the Geiger-Miiller tube, is 
named the proportional region, as discussed in Sec. 2-1. Detectors in this 
region can be of either the pulse or the mean-level type, as was also the case 
with ionization chambers. The pulse-type applications are by far the most 
widespread, and this chapter will be devoted to them; detectors of this type 
are usually referred to as proportional counters. 

The mean-level-type application of proportional chambers to the meas- 
urement of low radiation levels has been studied [1]. This system might 
result in a lower-cost instrument than is possible with ionization chambers. 
This potential saving arises because the proportional chamber requires a 
less sensitive d-c electrometer than does the ionization chamber. 

The applications of both pulse-type ionization chambers and Geiger- 
Miiller tubes for the study of single particles have been discussed in the 
preceding chapters. The former detectors maintain a strict proportionality 
between the charge which is produced and the primary ionization, but the 
pulse size is quite small; the latter employ quite large gas multiplication 
resulting in a large voltage pulse, but all dependence of the pulse size on 
primary ionization is lost. The proportional counters offer an important 
addition, since with them a quite significant gain in pulse height over that 
of a straight ion chamber can be achieved while at the same time propor- 
tionality is maintained. . 

Proportional chambers offer particular advantages in the pulse-type 
measurements of beta radiation, an application for which ionization cham- 
bers do not have sufficient sensitivity. For straight counting, much higher 
rates are possible than with G-M tubes because of the small resolving time 
that can be achieved. For the energy measurements of low-energy betas, 
the proportional chambers are capable of better resolution than scintillation 


detectors used for the same application. 
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PRINCIPLES OF OPERATION 
6-1. General Considerations 


The phenomenon of gas multiplication is produced in a proportional 
counter in a manner similar to that described in Sec. 5—1 for a G-M tube. 
However, the discharges in the two detector types differ greatly in the 
mechanisms for their termination and in the amount of gas multiplication. 

In the G-M tube the discharge is terminated when the positive-ion 
sheath entirely covers the collector. In the proportional counter the dis- 
charge stops when all the electrons within the gas volume are swept to the 
collector. 

In G-M tubes the gas multiplication proceeds until a certain total num- 
ber of ion pairs is produced in the tube, this quantity being independent of 
the primary ionization which initiates the discharge. From 10° to 10" ion 
pairs are produced per discharge, the exact number being dependent on the 
tube type and its operating conditions. In proportional counters the 
amount of ionization produced per discharge is a function of the primary 
ionization as well as of the tube characteristics and operating conditions. 
The practical ranges of gas multiplications are from unity up to about 104, 
with 10® being possible when the primary ionization is as low as one ion 
pair (2]. The region above about 10° may be considered to be the transition 
region to G-M-tube operation. 

The primary electrons in the initial ionizing event produce secondary 
electrons by collisions with neutral gas molecules. The emission of light 
photons accompanies the production of the secondary electrons. If ¢€ is the 
probability that a secondary electron will produce a tertiary electron by 
photoemission, the gas-multiplication factor M can be represented by 





M aft Pt efter pep = to (6-1) 
Here f represents the gas multiplication present in the initial avalanche and 
therefore the value which would result if there were no photoionization. 
The term ef is considered to be less than 1. 

For strict proportionality, 7 must be independent of the primary ioniza- 
tion. This will be true as long as the space charge due to the positive ions 
is not too large or the primary electrons do not travel different distances 
through the region of the tube in which the multiplication occurs. When 
the primary ionization is a single ion pair, the multiplication factor can be 
10° before the space charge affects the proportionality; for larger amounts 
of primary ionization, the multiplication factor must be proportionately 
smaller. The dependence of the secondary ionization on the position of the 
primary ionization is avoided by the choice of geometry for the propor- 
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tional-counter chambers. These chambers in all cases have a fine wire, 
usually of the order of 0.001-in. diameter, for the collector electrode. Con- 
sequently, the electric field is quite large in the immediate vicinity of this 
electrode, and essentially all the secondary ionization is produced close to 
the wire. Since the volume of this region is negligible compared with the 
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Fic. 6-1. Gas multiplication M versus voltage for pres- 
sures of 10 and 40 cm Hg; argon 99.6 per cent pure; 
collector diameter, 0.01 in.; cathode diameter, 0.87 in. 
(From B. B. Rossi and H. H. Staub, ‘‘Tonization Chambers 
and Counters,’ Chap. 4, National Nuclear Energy Series, 
div. V, vol. 2, McGraw-Hill Book Company, Inc., New York, 
1949.) 


total volume in which the primary ionization can occur, the chances of 
obtaining a lower multiplication factor due to the location of the primary 
ionization are small. 

The actual values of the multiplication factor are obtained by experi- 
ment [3]. Figure 6-1 presents the multiplication factor in argon versus the 
voltage which is applied between the collector and the cathode of a cylin- 
drical tube. The argon pressure is taken as the parameter. 

The addition of polyatomic gases to pure gases such as argon and helium 
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makes M less dependent on the applied voltage. For example, a mixture of 
per cent methane an per cent argon, known as ‘‘P-10 gas,”’ makes a 
good filling gas for proportional counters; 4 per cent isobutane and 96 per 
cent helium are also quite satisfactory. The stabilizing influence of the 
polyatomic gases apparently comes about because their added absorption 
for the photons reduces the photoemission. The large values of gas multi- 
plication can be obtained only with gases having these properties. 


6-2. Pulse Shapes and Resolving Times 


The analysis of pulse shapes which was carried out for G-M tubes in 
Sec. 5-1 applies to proportional counters as well. In fact, the analysis rep- 
resents the proportional counter much better than the G-M tube, since the 
neglect of the space charge is quite a good assumption for the former but 
not for the latter. 

It was pointed out in Sec. 5-1 that most of the induced charge is due to 
the initial motion of the positive ions. Further, it was shown that the use 
of circuits with time constants small compared with the collection time for 
the positive ions produced short pulses, the heights of which were propor- 
tional to the primary ionization and independent of its position within the 
chamber. 

The resolving time of a proportional counter depends on its application. 
If the tube is used for detection only, the time by which the pulses must be 
separated for proper operation is much less than if energy measurements 
are required also. 

The positive-ion sheath in a proportional-counter tube remains localized. 
Consequently, the tube can receive another pulse and amplify it as long as 
the new ion sheath is formed on the collector at another position. As the 
gas-multiplication factor is increased, the positive-ion sheath spreads, and 
the resolving time increases. 

For the case in which detection only is required, the resolving time can be 
made as low as 0.2 to 0.5 usec. The tube resolving time is determined by 
the rise time of the pulses; this is limited principally by the differences in the 
times required for the electrons to travel from the extreme ends of the 
primary-ion tracks to the collector. In the application of proportional 
counters, it often happens that the input amplifier and the electronic scaler 
rather than the detector limit the resolving power. 

When the amplitude of the pulses must be measured accurately, the error 
in pulse size because of the presence of ionization from the preceding pulse 
must be avoided. Therefore, for highest-accuracy work, the interval be- 
tween pulses should be at least as great as the collection time for the posi- 
tive ions, or about 100 usec. For most experiments the time between pulses 
can be less than this since the effect of the positive ions decreases rapidly as 
they move out from the immediate vicinity of the collector wire. 
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The size of the pulse at the input of the amplifier which follows the pro- 
portional counter can be estimated from the analysis in Sec. 5-1. A pulse 
of height about 0.541N,e/C is obtained, where M is the gas multiplication, 
N, 1s the number of primary ions, and C is the capacity of the circuit as 
defined in Sec. 5-1. 


Example 6-1. Estimate the gas multiplication required to count a 10-kev electron 
which gives up all its energy to the chamber gas. Assume that the amplifier input 
capacity in parallel with the counter capacity is 20 uuf and that its input sensitivity is 
1 mv. 

Solution. Taking 32.5 ev as the energy required to produce an ion pair, one has 


N; 308 


oe 
32.5 
Therefore, the gas multiplication must be given by the expression 


VininC (10-3)(20 * 107%) 


= 0.5N,e ™ (0.5)(308)(1.6 x 10-%) ~ 810 


M 





TYPES AND APPLICATIONS OF PROPORTIONAL COUNTERS 
6-3. Gas-flow Counters 


A type of detector known as a gas-flow counter is in wide-scale use. Al- 
though the principle of the gas-flow counter does not restrict it to the pro- 
portional region, most of these detectors are operated as proportional 
counters. 

Figures 6-2 and 6-3 contain photographs of two different types of com- 


mercial flow counters. The distinguishing features of these instruments are 
hat he counter gu fos convoy GET une an a ” 
sample can be placed inside the sample chamber. When employed in thi 


After the chamber has been opened, as in replacing a sample, the counter 
is purged by a rapid flow of gas. During counting, the flow rate may be 
reduced to about one bubble per second so that the consumption of gas is 
quite nominal. Both the mixture of 10 per cent methane with 90 per cent 
argon and that of 4 per cent isobutane with 96 per cent helium are good, 
all-round counter gases. However, simple gases such as argon, methane, 
helium, or any other gas with a small electron affinity can be used when 
only a small gas-multiplication factor is required, as in the case of counting 
alpha particles. 

The flow counters have various geometries, usually not cylindrical; the 
counters in Figs. 6-2 and 6-3 are seen to be hemispherical. The collectors 
are very fine wires, usually 0.001 to 0.002 in. in diameter. The collector 
wire is either formed into a loop and welded to a terminal which is supported 
by a single insulator or is suspended as a straight wire between two in- 
sulators. 
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6-4. Alpha Counting by Proportional Counters 


Windowless flow-type counters are used widely for alpha counting. This 
is @ particularly attractive application since the need for thin windows is 
avoided. Further, it is possible to carry out the alpha counting in the 
presence of large fluxes of betas and gammas if the detector is operated in 
the proportional region; the betas and secondary electrons may be discrim- 
inated against because of their low specific ionization. A limitation is 
reached, however, when the background of betas and gammas becomes so 
high that the superposition of their pulses results in signals of sufficient size 
and frequency to interfere with the counting of the alpha particles. 

The inherently low background counting rate of flow counters makes it 
possible to count very small alpha activities. This fact makes them par- 
ticularly useful in the field of health physics. 

The over-all efficiency of a windowless flow counter depends on only a 
small number of factors as compared with an end-window-type G-M tube. 
Since these factors can be evaluated with fair accuracy, this detector type 
is quite useful for absolute-activity measurements of both alpha and beta 
emitters. 

When the sample is placed within the counter, the only factors of Eq. 
(5-9) which need to be evaluated are geometry, backscattering, and self- 


absorption. The intrinsic efficiency, multiple count, and source-to-counter . - 


‘absorption factors can be taken as 1. In addition, because of the small 
‘resolving time, the dead-time correction factors in proportional counters 
can be neglected up to a counting rate of 100,000 counts/min or greater. 


Example 6-2. Estimate the counting rate at which the dead-time loss becomes 1 
per cent for both a typical proportional counter and a G-M tube. 

Solution. By Eq. (2-3), the per cent dead-time loss is 100 mr per cent, where 7m is 
the actual counting rate and + is the resolving time. Assuming dead-time values of 
0.5 and 250 usecs for proportional counters and G-M tubes, respectively, leads to counting 
rates of 


1 1 
1007 (102)(0.5 X 10-8) 


for proportional counters and 











m = = 2 X 10‘ counts/sec 


BR a et et see oe 
m= (10%) (230 xX 10-5) 40 counts/sec 
for G-M tubes. 

Curtis et al. [4] have studied the use of a flow counter similar to the type 
in Fig. 6-3 for absolute alpha counting. The relationship between the 


counting rate n and the source strength S is 
n = SGf fe (6-2) 


where f, and f, are the source self-absorption and backscattering factors, 
respectively, and G is the geometry factor. 
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For the arrangement shown in Fig. 6-5, the geometry factor is 0.5, to a 
good approximation. The counter type is known as a 2x counter since this 
is the solid angle from which it accepts particles. The alpha-backscattering 


Gos inlet 





Source holder 


Fic. 6-5. Windowless flow counter with 
2x geometry. 


factor, while not nearly as large as 
for betas, is still not negligible. 
Curtis et al. [4] evaluated f, by 
running aluminum-absorber curves. 
These are obtained by placing alu- 
minum absorbers directly over the 
source. Figure 6—6 shows three such 
curves. Except for very small ab- 
sorber thicknesses, the data fall ona 
straight line. The departure from 
the straight line is due to backscat- 
tered particles. Therefore, a linear 


extrapolation back to zero absorber allows one to correct for backscattering. 
The ratio of the actual counting rate at zero absorber thickness to the ex- 


trapolated rate is the backscattering factor. 
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Fic. 6-6. Counting rate versus absorber thickness for a 2x windowless alpha 


counter. 
Nucleontcs, 13:38 (May, 1955).] 


in Fig. 6-6 are typical. 


[From M. L. Curtis, J. W. Heyd, R. G. Olt, and J. F. Eichelberger, 


These values depend not only on the Z of the 


backing material but also on its degree of polish. 

The self-absorption factor is particularly important in 2x counters, 
since those particles which are emitted nearly parallel to the surface may 
need to travel through a large thickness of the source to reach the sensitive 


PROPORTIONAL COUNTERS 157 


volume of the counter. Curtis et al. [4] have shown that the range of alpha 
particles from a thick source as measured by the absorber-thickness versus 
counting-rate curve is less than that of a thin source by s/2, where s 1s the 
source thickness. Thus a linear extrapolation to a distance of s/2 back 
beyond zero absorber thickness gives the counting rate corrected for self- 
absorption. 

An analytical expression for the self-absorption factor for alpha particles 
in a counter with 2x geometry is [5] 





8 
fAjzil- pk fors < pR (6-3a) 
and 
fz oor for s > pR (6-3b) 
where s = source thickness 


R = maximum range of alpha particles in source material 
p = maximum fraction of R which particles can spend in source and 
still be counted 


Example 6-3. Compute the self-absorption factor for the Po? alpha particles emitted 
by a PbO, source of a thickness of 0.5 mg/cm? if the sensitivity of the counting system is 
sufficiently great that p is approximately 1. 

Solutton. The range of the 5.3-Mev Po*® alpha particles in PbO, is estimated, from 
Eq. (1-3), to be 14 mg/cm?; here the contribution of the oxygen to the absorption has 
been neglected. Therefore, by Eq. (6-3a), one obtains 


8 0.5 
f~=ml— IpR =i] — dads) = (0.98 

The uncertainty in both the backscattering and self-absorption can be 
avoided by the low-geometry arrangement shown in Fig. 6-7. The back- 
scattered radiation does not have enough energy to penetrate the thin 
window between the sample holder and the sensitive volume of the counter; 
therefore, it may be neglected. Further, an ideal source with negligible 
self-absorption can be achieved much more easily than with 27 geometry 
since, in the low-geometry case, the particles which are counted travel 
nearly perpendicularly through the source. 

The precision of the low-geometry counter is resolved to the accurate 
computation of the solid angle from the source to the orifice plate. Curtis 
et al. [4] have used this arrangement for activity measurements from 
2 X 10° to 5 X 10° disintegrations per minute and have achieved up to 0.1 
per cent accuracy. 

Applications such as monitoring for alpha contamination on hands and 
table tops require the use of detectors with thin windows, since the alpha 
sources are outside the detector. Proportional counters are particularly 
suitable for this application because of their inherently low background 
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counting rate. For example, Simpson [6] has described a proportional 
counter with a large window area, having 10 collector wires in parallel. 
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Fic. 6-7. Schematic diagram of a low- 
geometry flow counter for high-activity 
alpha counting. [From M. L. Curtis, 
J. W. Heyd, R. G. Olt, and J. F. Eichel- 
berger, Nucleonics, 13:38 (May, 1955).] 


Although the chamber was enclosed 
by a window, argon was bubbled 
through the chamber to maintain 
the proper gas atmosphere. 


6-5. Absolute Beta Activity by Flow 
Counters 


For the counting of betas, the flow 
counter can be operated in either 
the proportional region or the 
Geiger-Miiller region. However, 
the former method of operation is 
usually preferred since its inherently 
shorter resolving time makes possi- 
ble more accurate count determina- 
tions at higher counting rates. 

The importance of backscattering 
in beta counting was discussed in 
detail in Sec. 5-10 in connection with 
end-window G-M tubes. Nader et 
al. [5] have studied backscattering 


in 2x flow counters of the type shown in Fig. 6-3. The results, along 
with a study of self-absorption in the same counter, are presented in 


Fig. 6-8. 
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Fic. 6-8. Backscattcring and self-absorption in a 2x flow counter. [From J. S. Na- 
der, G. R. Hagee, and L. R. Selter, Nucleonics, 12:29 (June, 1954).] 


The uncertainties in the correction for backscattering have been avoided 
in the 4x counter described by Seliger and Cavallo [7]. The high-geometry 
factor is achieved by mounting the source on a thin foil in the center of a 
double chamber. This arrangement is shown in Fig. 6-9. The counter is 
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divided in half by a thin aluminum diaphragm with a hole in its center. The 
source is mounted on a thin conductive foil suspended over this hole. 
Accuracies as great as 0.5 per cent have been reported [8] for the 4x 
counters. Absolute-beta-activity measurements by this detector are the 
most precise that are available at 


; Collectin 
the present time. ? 


loop 








6-6. Proportional Counters for Pipher 
Neutron Detection gasket. 7 


An important class of applications 
for proportional counters is to neu- 
tron detection. Detectors for this 
purpose will be described in detail in 
Chap. 9. Source 

In order to count neutrons, it is 
necessary to incorporate within the 
chamber a material from which 
charged particles will be released as 
the result of nuclear reactions which 
the neutrons cause. The several Fic. 6-9. The 4x geometry counter for 
possible types of reactions were de- absolute beta determinations. [From 
scribed in Sec. 1-16. For example, 2-4. Seliger and A. Schwebel, Nucle- 

. onics, 12:54 (July, 1954).| 
the detection of slow neutrons can 
be accomplished by the B'°(n,a)Li’ reaction. The energetic charged par- 
ticles, both the alpha particles and the lithium ions, produce the ioniza- 
tion to operate the counter. The boron is incorporated in the counter 
either as a solid compound lining the walls or as a counter gas B'°Fs. 

The ability of proportional counters to discriminate between particle 
types which produce different-size output pulses is particularly useful in 
neutron counting. Neutrons often appear along with a large background 
of gamma radiation. However, the gamma rays can usually be rejected 
since the secondary electrons which they produce cause less ionization than 
do the charged particles which are released by the neutron reactions. 
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6-7. Energy-distribution Measurements and Counting of Soft Betas 


The windowless flow detectors are particularly useful for measurements 
on soft-beta emitters. Important examples are C™ and H? which emit betas 
with maximum energies of 0.15 and 0.0185 Mev, respectively. These 
energies correspond to ranges of 19 and 0.7 mg/cm?. Since the thinnest 
windows that are available for sealed detectors are from 1 to 2 mg/cm?, the 
use of windowless counters is clearly indicated. 

Jordan [9] has reviewed the application of proportional counters to meas- 
urements of the energy-distribution curves of low-energy beta emitters. 
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It was shown in Sec. 2-8 that these measurements can be accomplished by a 
pulse-height analysis of the output of a detector in which the pulse height is 
proportional to the particle energy. The proportional counter can be used 
in this fashion for low-energy electrons. 

The upper limit on the electron energy that can be measured by this 
method is imposed by the requirement that the electron must give all its 
energy to the production of ionization within the chamber. The practical 
limit, as determined by chamber sizes and gas pressures, is around 100 to 
200 kev. This has been extended to around 2 Mev by causing the electrons 
to spiral in axial magnetic fields. 

The lower limit on the electron energy that can be measured is determined 
by a number of factors, including the sensitivity and noise levels of the 
associated amplifiers, the stability of the power supply furnishing the 
detector high voltage, the characteristics of the counter gas, and the sta- 
tistical variations in the number of ion pairs produced by the low-energy 
particles. Measurements have been made successfully down to less than 
1 kev. As an example, Curran et al. [10] have made an accurate deter- 
mination of the beta spectrum of tritium. 


PROBLEMS 


6-1. In a cylindrical-shape pulse ionization chamber it is primarily the motion-of the 
electrons which causes the voltage rise, whereas in the proportional counter it is primarily 
the motion of the positive ions. Explain. 

6-2. Compute the input sensitivity required for a pulse amplifier to be used with a 
flow-type proportional counter for fast beta particles if the system has the following 
characteristics: distance traveled by beta particles in chamber, 2 cm; gas multiplication, 
5,000; input capacity, 10 wuf. Assume that the time constant of the amplifier is such 
that the pulse size is one-half that which would result from a very large time constant. 

6-3. Consider a cylindrical proportional counter with a collector wire of 0.002-in. 
diameter and an outer electrode of 34-in. diameter containing argon at 0.1-atm pressure. 
Calculate the time required to collect the positive ions when the applied voltage is 1,000 
volts. Compare this time with a typical resolving time for a proportional counter, and 
discuss. 

6—4. What would be the maximum thickness for a Po** plated source if self-absorption 
in the source was not to make an error of more than 0.5 per cent? 

6-5. Explain why the minimum activity of an alpha emitter measurable by means of 
a proportional counter is much smaller than that of a beta emitter. 

6-6. Consider a spherical proportional chamber for measuring beta particle energies 
in which the beta source is placed at the center of the chamber. If the chamber has a 
radius of 10 cm, calculate the pressure of argon which would be required in the chamber 
if the electrons which are emitted have a maximum energy of 30 kev. Repeat the 
calculation for krypton gas. 
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CHAPTER 7 


SCINTILLATION DETECTORS 


One of the oldest methods of nuclear-radiation detection is by the use 
of the scintillations produced in phosphors. It is well known that Ruther- 
ford and his collaborators used this technique for detecting alpha particles 
in the famous Rutherford scattering experiments. Although the basic 
principles remain the same, the techniques which are used have changed 
greatly. Probably the greatest difference in techniques is that now photo- 
multiplier tubes instead of individuals looking through microscopes serve 
to register the particles. In addition, the scope of applications of the 
modern scintillation-type detector has broadened greatly over that of the 


early type. 


GENERAL CONSIDERATIONS 
7-1. Modern Scintillation Detectors 


The development of modern scintillation detectors was started by Colt- 
man and Marshall [1] in 1947, at which time they reported the successful 
use of a photomultiplier tube for counting the light scintillations which 
were produced by alpha, beta, and gamma radiation. During the time 
which has elapsed since 1947, the scintillation detectors have become the 
most versatile type available for nuclear-radiation detection. These devices 
came into use primarily to meet a demand for counters capable of higher 
counting rates and shorter resolving times than were possible with the 
existing instruments. 

An example of an important requirement for high counting rates arises 
in the instrumentation accompanying accelerators, such as those employing 
the synchrotron principle, in which the particles occur in short pulses. 
It is necessary to employ a fast counting rate while the pulse is on, in order 
that the average counting rate be reasonably high. In addition, coincidence 
experiments require high counting rates in the individual channels in order 
that the rate of true coincidences be reasonably high. 

The requirement for shorter resolving time also arises in coincidence 
experiments. The shorter the resolving time, the less will be the ratio of 


chance coincidences to true coincidences. 
162 
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It is interesting to compare the scintillation detector with the Geiger- 
Miller tube. In addition to the advantages of high counting rate and 
short resolving time, the scintillation counter is superior in the following 
respects: efficiency for gamma counting, ability to distinguish between 
types of radiation, number of radiation types with which it can be used, 
utility in measurement of particle energy, and variety of size and shape 
of detectors possible. 

On the other hand, the Geiger-Miiller tube is cheaper than the apparatus 
which replaces it in the scintillation detector system. Also, the require- 
ments for the voltage regulation in the high-voltage power supply are less 
in the Geiger-Miiller counter system since it exhibits less dependence of the 
counting rate on applied voltage than does the scintillation counter. 

The scintillation techniques have become particularly useful in the 
measurement of the energy of beta and gammarays. While pulse ionization 
chambers (Chap. 4) and proportional counters (Chap. 6) are quite satis- 
factory for the measurement of short-range particles such as alphas, they 
cannot be used for particles having a range larger than the dimensions of 
the chambers. On the other hand, the solid or liquid phosphors which are 
used with the scintillation detectors can absorb the beta particles or the 
secondary electrons produced by gammas. Consequently, measurements 
of the energies of these particles are possible. 


7-2. General System for the Scintillation Detector 


Figure 7-1 is a schematic diagram of a scintillation detector used in a 
counting system. The nuclear particle being detected produces a flash of 
light in the scintillator. By means of the light pipe and reflector, a large 
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Fia. 7-1. Schematic diagram of a scintillation detector. 


Light 
reflector 


fraction of the light is transmitted to the photocathode of the photomulti- 
plier tube. The photoelectrons emitted at the photocathode are multiplied 
many times by means of the electron-multiplier section of the photo- 
multiplier tube. The resulting current pulse produces a voltage pulse at 
the input of the preamplifier. This pulse, after passing the discriminator 
and pulse shaper, is counted by the electronic counter. Alternatively, the 
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electronic counter could be replaced by a differential pulse-height analyzer, 
as in the scintillation-type spectrometer, or by other special-purpose 
equipment. 

For the purpose of understanding the system, one can divide the oper- 
ation into six consecutive events. These are the following: 

1. The absorption of the nuclear radiation in the scintillator, resulting 
in excitation and ionization within it 

2. The conversion of the energy dissipated in the scintillator to light 
energy through the luminescence process 

3. The transit of the light photons to the photocathode of the photo- 
multiplier tube 

4. The absorption of the light photons at the photocathode and the 
emission of the photoelectrons 

5. The electron-multiplication process within the photomultiplier tube 

6. The analysis of the current pulse furnished by the photomultiplier 
tube through the use of the succeeding electronic equipment 

The charge q appearing at the output of the photomultiplier tube can be 
related to the energy E, of the primary nuclear particle by considering the 
first five processes listed above. If n,. is the number of photoelectrons 
released and collected in the tube and M is the electron-multiplication 
factor, then 


q = Men. (7-1) 

Further, n, can be expressed as 
Ne = E,F Cap] pF pSmfF (7-2) 
where F,= fraction of total energy of nuclear particle absorbed in 


scintillator 
Cnp = efficiency of conversion from nuclear energy dissipated in 
scintillator to light energy 
’T, = transparency of scintillator for scintillation which it produces 
F, = fraction of light photons which would reach photocathode if 
T,= 1 
Sm = sensitivity of photocathode at wavelength for maximum 
sensitivity in terms of photoelectrons per electron volt of 
light energy striking it 
f = figure of merit expressing degree to which spectral sensitivity 
of photocathode matches spectral distribution of scintillation 
F, = fraction of photoelectrons collected by dynodes 


Equation (7-2) can be seen to follow from these definitions by considering 
that E,F,Cnp is the amount of light energy in the scintillation, T,F, is the 
fraction of this light whi aches the photocathode, while S,.fF, is the 
number of photoelectrons reaching the first dynode of the electron-multi- 
plier section of the tube per unit of light energy striking the photocathode. 
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The conversion efficiency C',p, sometimes referred to as the intrinsic effi- 
ciency of the scintillator, is given by 


Cap = f Cnp(d) ad 


where A is the wavelength of the light and C,,(A) is the conversion efficiency 
per unit wavelength with which light of wavelength \ is produced. The 
figure of merit f is given by 


f “Cap(d)S(A) ad 
I= Cn 
where S(A) is the sensitivity of the photocathode at the wavelength X. 


7-3. Types of Scintillators 

A wide variety of scintillators is in use today. Several of the more 
important of these are listed in Table 7-1 along with some of their charac- 
teristics. Recently, Ramm [4] has made a comprehensive summary of 
the properties of scintillating materials. 

The first two materials in Table 7-1 are single crystals of organic ma- 
terials; nos. 3 and 4 are organic materials dissolved in organic liquids; 
the fifth is a solid solution of the organic compound terphenyl in poly- 
styrene; nos. 6, 7, and 8 are single crystals of inorganic material; and no. 9 
is an inorganic powder. In addition to the above materials, xenon and 
other inert substances in gaseous, liquid, and solid states are being employed 
[5,6] as scintillators. 

Among the desirable properties for good scintillators are high efficiency 
for the conversion from the energy of nuclear particles to the energy of 
fluorescent_radiation, transparency for their own fluorescent. radiation, 
decay time for the fluorescent radiation oF the order of @ microsecond or 
less, and spectral distribution of the scintillation consistent with responses 
of available photocathodes. Requirements for other properties such as 
density, form, state of matter, and versatility in sizes and shapes vary with 
the application for which the detector is intended. 


7-4. The Scintillation Process 


The absorption of energy by a substance and its reemission as visible or 
near-visible radiation are known as luminescence. In the luminescence 
process the initial excitation can come from many origins. Several of these 
are light, mechanical strains, chemical reaction, and heating. The scintil- 
lation accompanying nuclear radiation has its origin in the excitation and 
ionization produced in the substance by radiation. 

If the light emission occurs during the excitation or within 10-* sec after 
it, the material is said to be fluorescent. The time interval of 10-° sec is 
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chosen as the order of the lifetime of an atomic state for an allowed tran- 
sition. If the emission occurs after excitation has ceased, the process is 
called phosphorescence. The duration of the phosphorescence varies with 
the type of luminescent material and may be from the order of microseconds 
to hours. Only those scintillators with the shorter durations are useful for 
the detection of nuclear radiation. 


The number of light photons n, emitted in the tim he arrival of 
the ionizing particle can be represented by the exponential growth law 
Np = Npwo(1 — e~**) (7-3) 


The time 7 required for the emission of the fraction 1 — e—! or 63 per cent 
of the photons is referred to as the decay time. 


Most of the energy of excitation and ionization produced in the scintil- 
lator by the nuclear radiation is quickly degraded into heat, with only a 
saul percentage of To escaping av visible or ultraviolet radiation “The 
sie Tax toad Groviamls 5 Ge Glin Seroinl is a 
energy. Values of C,, for scintillators in common use vary from a fraction 
of a per cent to around 30 per cent. Values are given for specific types of 
scintillators and materials in succeeding sections. 

For the purpose of discussing the mechanism of the scintillation process, 
it 1s convenient to divide the materials into five classes. These are organic 
crystals, liquid solutions of organic materials, solid solutions of organic . 
materials, inorganic crystals, and noble gases. These five classes will be 
discussed separately. 


7-5. Theory of Organic-crystal Scintillators 


These organic-crystal scintillators are, for the most part, aromatic 
hydrocarbons whose molecules contain benzene-ring structures, along with 
various nonaromatic substitutions. These molecules contain resonating 
structures. 

The luminescence process in organic materials is a molecular process and 
can best be discussed in terms of a potential-energy diagram for the mole- 
cule [7]. A typical form for such a diagram is shown in Fig. 7-2. The two 
curves represent the potential energy versus the interatomic distance both 
for the case in which all the electrons are in the ground state and that in 
which the molecule contains an electron in an excited state. In each state 
there are allowed modes of vibration of the molecule, the energy of which is 
represented by the horizontal lines. 

The passage of the nuclear radiation through the scintillator can result 
in the transfer of the molecules from the electronic ground state to an 
electronic excited state. The line AA’ represents such a transfer. Ac- 
cording to the Franck-Condon principle {8], the transfer takes place at a 
fixed interatomic spacing. The point A’ represents a highly excited vi- 





168 NUCLEAR RADIATION DETECTION 


brational state. This extra energy is quickly dissipated as heat from the 
lattice vibrations, with perhaps the level B being reached. 

If the molecule in the electronic excited state is sufficiently stable against 
other processes by which its energy can be released, it will ultimately 
return to the ground state along the path BB’ by fluorescent emission. 
The mean life for this process, the order of 10—* sec, is long compared with 
the time required for molecular vibrations. Ways in which the fluorescent 
emission can be prevented or quenched include (1) transfer of the energy 
directly from the electronic excited state to the ground state, as at the 
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Vibrational 
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Fic. 7-2. Typical molecular-potential-energy diagram. 


level H where the two states come close together, and (2) the dissociation 
of the molecule when the level A’ is sufficiently high. 

It can be shown by Fig. 7-2 that the organic crystals are transparent 
for the luminescent radiation which they produce. Here it is seen that, in 
general, the energy required to transfer the molecule from the ground to 
the excited state is larger than that released upon return. Consequently 
only the most energetic photons have sufficient energy to be absorbed by 
the production of excitation. 

Numerous organic crystals have been studied [9]. To date, the most 
useful of these materials are anthracene and trans-stilbene. 

A detailed review of the theory and properties of organic crystalline 
scintillators has been given by Birks [3]. 


7-6. Theory of Organic-liquid Scintillators 

The theory and behavior of organic-liquid scintillators have been studied 
by Kallmann and Furst [10-12]. These materials consist of organic scintil- 
lators used as the solute in liquid organic solvents. Numerous materials 
have been tried as the solute. Among the most satisfactory are p-terphenyl, 
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diphenyloxazole, and tetraphenylbutadiene. Several solvents appear to be 
satisfactory, including xylene, toluene, and phenylcyclohexane. 

The scintillator efficiency increases rapidly as the concentration of the 
solute increases from low values. It usually passes through a rather broad 
maximum before the saturation concentration is reached. The solute 
concentration of p-terpheny] in toluene for maximum efficiency is about 5 
g/liter. 

The excitation produced in the solvent by the nuclear radiation is 
quickly transferred to the solute before quenching can occur. The exci- 
tation of the solute could be represented by the process AA’ in Fig. 7-2. 
This excitation energy is thus degraded and trapped by the solute and is 
subsequently radiated as fluorescent radiation characteristic of the solute. 

The mechanism for transfer of the excitation from the solvent to the 
solute is not well understood. Kallmann and Furst [11] reject photon 
energy transfer and postulate other mechanisms, including an exchange of 
energy between molecules as a result of quantum-mechanical resonance. 
On the other hand, Birks [3] believes that the energy is transferred by 
photons and stresses the importance of the fluorescence of the solvent 
molecules in this process. 

The process involving the transfer of energy from the solvent to the 
solute molecules explains the increase in scintillation efficiency with solute 
concentration. However, it is not understood why the scintillation effi- 
ciency goes through a maximum with increasing solute concentration [2]. 

The efficiency of a liquid scintillator can frequently be improved by the 
addition of so-called wavelength shifters. These substances are fluorescent 
materials which change the spectrum from that produced by the main 
solute to somewhat longer wavelengths which more nearly match the 
photomultiplier-tube spectral response. However, the decay time of the 
phosphor is usually increased somewhat. 

Table 7-2 shows several important liquid scintillators. The trace of 
diphenylhexatriene is used as a wavelength shifter. 


TABLE 7-2. IMPORTANT LIQUID SCINTILLATORS 





Concentration 
Solute of solute, Solvent 
g/liter 

p-Terpneny li isc ein pee kink dbed dbo bw 5 Xylene 
p-Terphenyl...... ee ee ee ey ee 5 Dioxane 
p-Terphenyl + trace of diphenylhexatriene. . : 01 Toluene 
p-Terpheny! + trace of diphenylhexatriene. . | : 01 Phenylcyclohexane 
2,5-Diphenyloxazole....................-.| 4 Xylene 
2-Phenyl-5-biphenyloxazole................ | 8 Toluene 
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It is often desirable that various compounds, including those of heavy 
elements, be incorporated directly into liquid solutions. This broadens 
the scope of applications to low-level counting, since geometrical losses 
are removed. These additive compounds reduce the efficiency of conversion 
of the scintillator by the quenching that is introduced. It has been found 
[13], however, that this quenching can be effectively removed by using 
solvents containing naphthalene, biphenyl, and other compounds in ad- 
dition to the usual compounds. 


7-7. Theory of Scintillators in Solid Solutions 


Scintillators composed of solid solutions of organic materials such as 
terphenyl in polystyrene have been studied [14-17]. Swank and Buck 
[17] have found solid solutions which give efficiencies as high as 38 per cent 
of crystalline anthracene. The most promising material found by them 
was 1,1,4,4-tetraphenyl-1,3-butadiene in polyvinyltoluene. A _ concen- 
tration of about 1 g of fluor per 100 g of plastic gave the highest output. 

The mechanism for the production of scintillations in solid and liquid 
solutions appears to be similar, with the solute and solvent playing like 
roles for each case. The mechanism for the transfer of energy from the 
solvent to the solute may differ for the two cases, however. Swank [2] 
has shown that it is unlikely that the energy is transferred by radiation. 
Sufficient experimental work for a positive identification of the transfer 
mechanism has not been reported at this time. 


7-8. Theory of Inorganic-crystal Scintillators 


The inorganic scintillators are crystals of inorganic salts, primarily the 
alkali halides, containing small amounts of impurities as activators for the 
luminescent process. The mechanism for the production of the scintillation 
can be described best in terms of the band picture [18,19] of solids. 

A pure alkali-halide crystal is represented in the band theory by a valence 
band of energies which is normally completely filled with electrons and by a 
conduction band of energies which is normally empty. The latter lies 
above the former and is separated from it by a forbidden band of energies 
in which the electrons cannot exist. Any imperfections in the crystal, 
such as impurity atoms or lattice vacancies, can create energy levels in 
the forbidden band at isolated points throughout the crystals. Figure 7-3 
is a schematic diagram of the energy levels in an alkali-halide crystal. 

The passage of nuclear radiation through the crystal can raise electrons 
from the valence band to the conduction band. An electron in the con- 
duction band is in an excited energy state. When it returns to the valence 
band, which is its ground state, this energy is given up. The electron ex- 
cited to the conduction band can wander through the crystal until it comes 
to the vicinity of an imperfection; here it can drop to the energy level 
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associated with the imperfection. From this new level it may drop to the 
valence band by the emission of radiation. This is the process of fluores- 
cence in scintillators. Alternatively, it may lose its energy by a radiation- 
less process, say to thermal energy or lattice vibration. This process is 
referred to as one of quenching, 
since it prevents radiation. Vacant conduction band 

Still another possibility is the 
trapping of the electron at the 
energy level associated with the im- a _ — —lmpurity 
purity atoms. When this occurs, the levels 
level is referred to as a metastable 


state. The electrons will remain in 
the metastable state until raised Filled valence bona 
again to the conduction band. From 


here the electron can undergo any of 

‘ : Fig. 7-3. Band picture showing the en- 
the three processes Just described. a. Jevels of an alkuli-halide crystal with 
If, after being trapped in the meta- __ imperfections. 
stable state, the electron drops to 
the valence band with the emission of radiation, the phenomenon is phos- 
phorescence. 

The inorganic crystals possess the desirable property of transparency 
for their own fluorescent radiation. This property exists since the photon 
energy is less than that energy between the valence and conduction bands; 
it is transitions between these bands which constitute the principal optical 
absorption. 

The addition to the crystals of small quantities of the appropriate 
impurity atoms creates fluorescent centers. These impurities are known as 
activators. Some inorganic scintillators, along with their activators, are 
sodium iodide with thallium, lithium iodide with tin, and zinc sulfide with 
silver. 

A number of other inorganic materials have been investigated as scintil- 
lators. For a survey of these, see Birks [3] and Ramm [4]. 


Forbidden bond 


7-9. Gaseous Scintillators 


The light which is emitted in gaseous scintillators 1s that coming from 
the gaseous molecules which are ionized and excited by the passage of 
charged particles. The noble gases are being studied [5,6] for this appli- 
cation. Northrop and Nobles have reported [6] that xenon scintillators 
look very promising. 

Each excited atom or ion returns to its ground state with the emission 
of one or more photons of light within about 10-° sec, giving rise to a fast 
light pulse. This light is primarily in the ultraviolet region, and the 
efficiency of conversion from light photons to photoelectrons is low. Meth- 
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ods of improving this efficiency include the coating of the container walls 
with intermediate fluorescent materials such as tetraphenylbutadiene or 
quaterpheny] to shift the wavelengths from the far ultraviolet to that more 
nearly matching the photocathode-response curve. 

More recently the use of materials such as xenon in solid and liquid 
forms has been studied [6]. The decay constant of solid xenon is extremely 
short, being less than 10-? usec. 


7-10. Comparison of Scintillator Types 


There are a number of ways in which scintillator types can be compared. 
The particular application determines which of these aspects is the most 
important. In this section several properties will be discussed without 
reference to the applications. 

The inorganic scintillators are by far the most dense. This consideration, 
coupled with the high atomic numbers of part of their constituents, makes 
them superior scintillators for gamma detection through the high ab- 
sorption for this radiation. Solid xenon also shares these properties. 

Except in the case of the noble gases, there appears to be no choice of 
scintillator types on the basis of the wavelength of maximum emission. 
In all other types it is possible to find scintillators which match reasonably 
well with the photomultiplier-tube response. 

An important property for each scintillator is Ca», the efficiency of 
conversion from nuclear energy to light energy. Relative values of these 
for beta particles are tabulated in Table 7-1. To put these on an absolute 
basis is a little difficult, since values of C,, for anthracene have been 
reported [2] from 4.2 to 10 per cent. It is seen that, in general, the inorganic 
scintillators have the largest conversion efficiency. Morton [21] reports 
that a good sodium iodide crystal will yield one useful photon for each 
30 to 50 ev of beta-particle energy dissipated in the crystal. Taking the 
average energy per photon as 4 ev yields a value of C,, from 8 to 13 per 
cent. 

Comparison of scintillators on the basis of their relative response to 
different particle types and energies will be discussed in the next section. 

From the standpoint of short resolving times, small decay times are 
desirable. The organics and noble-gas counters are quite superior to the 
inorganics on this basis. The superiority results because of the absence 
of phosphorescence in these materials. Stilbene crystals and solid solutions 
of terphenyl in polystyrene appear to have the shortest decay times, with 
values about 5 X 10~° sec. 

A comparison on the basis of the availability and economy of large 
volumes for scintillators finds the organic liquids far in the lead. In fact, 
it has been reported that efficiencies up to 90 per cent of the values for 
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pure materials have been obtained, using standard high-grade commercial 
materials without additional purification. 


7-11. Dependence of Conversion Efficiency on Type and Energy 


of Nuclear Radiation 


It was observed early in the use of scintillators for quantitative measure- 
ments of the energy of nuclear particles that the efficiency of conversion 


from particle energy to light en- 
ergy 1s not a constant. Rather, it 
varies with both the type and en- 
ergy of the particle. In addition, 
the form which these variations 
take depends on the scintillator 
type. 

Extensive measurements of these 
effects have been made by Taylor 
et al. [22]. In these experiments 
the relative pulse heights produced 
by various particles bombarding 
anthracene, stilbene, and sodium 
iodide crystals were measured. 
The particles investigated were 
electrons of from 500-ev to 624-kev 
energies, deuterons and molecular 
hydrogen ions with energies of 1 
to 11 Mev, protons of 1 to 5 Mev, 
and alpha particles of 4 to 21 
Mev. 

With the exception of protons 
and deuterons in sodium iodide, 
which gave a linear response over 
the entire energy region investi- 
gated, plots of pulse height versus 
energy for heavy particles gave a 
nonlinear relation for low energies, 
tending toward linearity with in- 
creasing particle energy. Electrons 
in stilbene and anthracene show a 
linear response above 100 kev, 
while the sodium iodide curve is 
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Fie. 7-4. Pulse heights in various scintil- 
lators as a function of particle energy and 
type. (a) Heavy particles in anthracene; 
(6) heavy particles in thallium-activated 
sodium iodide; (c) electrons in anthracene, 
stilbene, and sodium iodide. [From C. J. 
Taylor, W. K. Jentschke, M. E. Remley, 
F. S. Eby, and P. G. Kruger, Phys. Rev., 
84:1034 (1951).] 


linear above 1 kev. Some of these results are shown in Fig. 7—4a, b, and c. 
The effect of particle type on conversion efficiency can be represented by 
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a plot of the ratio of scintillation amplitude to the particle energy versus 
particle energy. Figure 7-5 is such a plot for electrons, protons, deuterons, 
and alpha particles in anthracene. These curves are normalized to 100 for 
high-energy electrons. This behavior is characteristic of all scintillators; 
however, different types vary in the degree to which they exhibit this 
property. 

A measure of the degree to which a particular scintillator is affected 
by the nature of the particle is obtained by comparing the conversion 
efficiency for 5.3-Mev alpha parti- 
100 cles with that for high-energy elec- 
trons. The ratio of these two 
quantities is known as the alpha- 
beta ratio. This quantity is given 
in Table 7-1. 

Analysis of the experimental data 
shows that dL /dz, the fluorescence 


NUCLEAR RADIATION DETECTION 


Pulse height / Mev 





0 5 10 15 20 per unit path length, is a unique 
Energy, Mev function of the specific energy loss 
Fic. 7-5. Dependence of scintillation qd /dr and is independent of the par- 


amplitude in anthracene on particle en- 
ergy. [FromC.J. Taylor, W. K. Jentschke, 
M.E. Remley, F.S. Eby, and P. G. Kruger, 
Phys. Rev., 84:1034 (1951).] 


ticle type. This relationship holds 
except for low-energy electrons; this 
exception has been explained by a 


quenching due to a surface effect [23]. 
Birks [24] has developed a theory to account for the decrease in conversion 
efficiency with specific energy loss. This theory is based on the assumption 
that the quenching comes from impurities which are produced through the 
chemical dissociation which accompanies the passage of the particles. 


SCINTILLATOR MOUNTING AND LIGHT COLLECTION 
7-12. Scintillator Mounting 


The physical arrangement for the scintillator and its incorporation with 
the photomultiplier tube are important design considerations. A primary 
factor is the efficient transfer of light from the point of origin in the scintil- 
lator to the photocathode. 

The organic and inorganic scintillators which are prepared from single 
crystals are cut and shaped by specially devised techniques. Bell [25] has 
discussed some of these methods in his comprehensive article on the scin- 
tillation method. Plastic scintillators are machined by conventional 
methods, while gaseous and liquid materials are placed in the appropriate 
containers. Common shapes for the scintillators include solid right cylin- 
ders, flat disks, and right cylinders with recessed holes (1.e., the “well 


type’’). 
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The scintillator proper is encased for mechanical protection and for the 
control of ambient light. Further, as in the case with NaI(T1), which is 
quite hygroscopic, the unit must be 
hermetically sealed. Figure 7-6 shows 
a sealed NaI(T]) unit surrounded by a 
layer of MgO for light reflection and 
provided with a glass window for 
transmission of the light to the photo- 
cathode. Figure 7-7 is a_ sealed 
Nal(Tl) unit described by Bell [25] 
for high-resolution gamma-ray spectroscopy. Both the aluminum casing and 
the a-alumina reflector are minimized in thickness to prevent the formation 
of secondary electrons and degraded gammas in the casing. The hypo- 
dermic needle is used for partially exhausting the air in the can. This 
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Fic. 7-6. A mounting for Nal crystals. 
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Fic. 7-7. Reduced-pressure crystal mount for use with 
scintillators having the same diameter as the photomulti- 
plier tube. [From P. R. Bell, Article in K. Siegbahn (ed.), 
‘‘Beta- and Gamma-ray Spectroscopy,” Interscience Publish- 
ers, Inc., New York, 1955.] 


reduced pressure forces the can down on the scintillator and holds it firmly 
to the phototube. 

The covering over a nonhygroscopic material such as anthracene can 
be considerably simpler, the primary consideration being the prevention of 
light transmission from outside. Aluminum foil may be employed for this 
purpose. When used with low-energy betas, a section of the main foil 
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cover may be removed and replaced by a much thinner aluminum win- 
dow. 


7-13. Factors Affecting Light Collection 


The fraction of the light originating in the scintillation which ultimately 
reaches the photocathode can be expressed as T',F',, where T, 1s the trans- 
parency of the optical system and F’, is the collection efficiency exclusive of 
the transparency. Ideally, one would like to make both of these factors 
unity. Practically, this can be approached in many cases. 

The optical system consists of the scintillator, any reflecting or diffusing 
medium which may surround the scintillator, and the light path from the 
scintillator to the photocathode. The transparency of the system depends 
on the optical absorption for the optical spectrum contained in the scintil- 
lation. In addition, the distance which the light travels must be considered. 
The transparency can be represented by 


pew (7-4) 


where up is the effective optical absorption coefficient and z is the distance 
traveled by the light. In most scintillator and light-pipe materials, pu is 
reasonably small except at the extreme short-wavelength end of the 
emission spectrum. The distance x depends not only on the dimensions 
of the system but also on the number of internal reflections which occur. 

In most light-collection systems, 7’, approaches unity. Exceptions are 
those systems employing multicrystalline scintillators such as zinc sulfide 
and those using long light pipes. 

The light-collection efficiency of a given system seen somewhat on 
the energy of the radiation [26]. In addition, one would expect it to be 
influenced by the point of origin of the scintillation in the phosphor. 
Consider a light flash occurring in a scintillator which has an index of 
refraction n;. What happens to the light upon arrival at the surface of the 
scintillator depends upon the nature of the surface and the angle of inci- 
dence of the light with the surface. If the surface is polished and it adjoins 
an optically transparent medium of index of refraction ne, where nz. < m, 
the light will be totally reflected, provided that the angle between the light 
ray and the normal to the surface is greater than the critical angle 


- _,% 
6. = sin oe (7-5) 
For angles less than 6,, the light is partially transmitted and. partially 
reflected. For angles approaching zero, all but a few per cent of the light 
is transmitted. 

If a polished reflector such as aluminized foil covers the surface, specular 
reflection occurs regardless of the angle of incidence of the light. Still 


SCINTILLATION DETECTORS 177 


another possibility is a roughened surface surrounded by a diffuse reflector 
such as magnesium oxide. Such an arrangement provides diffuse reflection. 

These several arrangements are shown in Fig. 7-8. Since the usual 
objective is to direct as much of the light as possible from the origin of the 
scintillation to the photocathode, the common practice is to coat all but 





(a) (c) (7) 


Fia. 7-8. Reflection of light at a surface. (a) Angle of incidence greater than the 
critical angle; (b) angle of incidence less than the critical angle; (c) polished reflecting 
surface; (d) diffuse reflecting. 


one side of the scintillator for either specular or diffuse reflections. The 
photocathode is placed adjacent to the uncoated surface. This allows much 
of the light which starts initially in directions other than the photocathode 
to be reflected toward the cathode. If it arrives at the surface adjacent to 
the photocathode with an angle less than the critical angle 6,, it will be 
passed out of the scintillator toward 
the photocathode. 

If specular reflection is employed 
on the surface, a fraction of the light 
is trapped in the scintillator. This is 
illustrated in Fig. 7-9. Light origi- 
nating at point P and striking the 
surface A at an angle of incidence 
less than 6 = sin—!(m/m) is totally 
reflected when it reaches the surface 
adjacent to the photocathode. Thus 
any light from P having its initial 
direction in a right cone of apex angle 
26. at P and a base coincident with A lo photocathode 
will be totally reflected upon reach- Fy. 7-9. Trapping of light in a scintil- 
ing C. The same situation holds for _ lator. 
the other three surfaces parallel to A. 

Of course, if the light strikes surface C' or B with an angle greater than 6,, 
it will also be totally reflected. 

Ultimately the trapped light either will be absorbed in the scintillator or 
will escape after having its direction changed by scattering from imper- 
fections. The fraction of the light which is trapped is largest when the 
surface C is in contact with air or other media with an index of refraction 
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equal to 1. As an example, for NalI(T1), which has an index of refraction 
equal to 1.77, 6, is 34.5°. If the air is replaced by lucite with an index 
nm. = 1.50, & becomes 58°, and the situation is materially improved. 

The use of diffuse reflection has been found to give larger and more 
uniform light output than specular reflection. Borkowski and Clark [27] 
have had good results with NaI(T]) scintillators by grinding the surfaces 
with 120-grit emery or Carborundum paper followed by packing powdered 
magnesium oxide around the surfaces. Alpha-aluminum oxide has been 
reported by Bell [25] to be more satisfactory than magnesium oxide for 
this purpose. 

Bell has reported [25] that no advantage has been found in roughening 
the surface of anthracene. However, he has pointed out that the bright 
aluminum reflector should not be in optical contact with the crystal surface, 
as would be the case with a reflector evaporated directly on the surface of 
the crystal or with a foil joined to the crystal with Canada balsam or other 
material. Such a contact replaces the good reflection at the crystal surface 
outside the critical angle by the poorer reflection at the aluminum surface. 


7-14. Inght Pipes 

In many applications a material known as a light pipe is placed between 
the scintillator and the photocathode. The polymethyl methacrylate, 
lucite, is widely used for this purpose. Plexiglas and polystyrene have 
been tried also [26], but the light transmission is less. Collins [28] has 
found that the percentage transmission of the light from a ZnS screen 
through a 1-ft section is 70, 60, and 50 per cent for quartz, lucite, and 
mineral oil, respectively. 

The purpose which the light pipe serves in helping to prevent the trap- 
ping of the light in the scintillator has already been discussed. Other uses 
include the placing of the scintillator at a distance from the photocathode 
and the spreading of the light over a larger cathode area. 

For several reasons, such as space limitations and ambient conditions, 
it may be desirable to place the scintillator at a distance from the photo- 
multiplier tube. Several feet of light pipe has been used with success. 
Gradual bends in the light pipe can be made without appreciable light loss 
[26]. 

From the standpoint of constant output from the photomultiplier tube 
for constant light produced in the scintillator, it may be desirable to use a 
light pipe to spread the light more uniformly over the photocathode. This 
situation arises if the photocathodes have nonuniform characteristics with 
respect to the efficiency of emission and collection of photoelectrons. A 
light pipe having an area equal to that of the photocathode and a length of 
about 14 in. is effective in spreading the light over the entire photocathode, 
regardless of its point of origin in the scintillator. However, this technique 
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is usually not required with the currently available photomultiplier tubes. 

In some applications, such as in the use of a photomultiplier tube with 
other than a flat photocathode, the light pipe is very useful, since the 
shaping of the surface is much easier for the light-pipe material than for 
the scintillators, in case the latter are single crystals such as anthracene 
or Nal(TI). 

In the installation of light pipes, it is necessary to ensure good optical 
contact to the scintillator and the photomultiplier tube in order to minimize 
the amount of reflection at the interfaces. This is accomplished by in- 
serting some transparent material between the surfaces which have first 
been machined so that a reasonably good fit is obtained. Bell (25] has 
reported that Canada balsam may be used for anthracene where the scin- 
tillation spectrum ends sharply at 4,300 A but that it is not suitable for 
Nal(T]I) since the spectrum of the latter extends to 3,200 A. Mineral oil 
or high-viscosity silicone oil, such as Dow-Corning DC-200 (10® centi- 
stokes), is suitable for use with NalI(TI). 


PHOTOMULTIPLIER TUBES 
7-15. General Description of Photomultiplier Tubes 


A photomultiplier tube 1s a phototube in which the current of photo- 
electrons from the tube’s cathode is multiplied many times through the 
process of electron multiplication. The current multiplication within the 
tube can be as high as a million or more. Consequently the tube is par- 
ticularly suitable for detecting low light levels such as scintillations. In 
counting by the use of scintillation detectors, sufficient electron multipli- 
cation may be used that no additional amplification is needed between the 
output of the photomultiplier tube and the input of a conventional elec- 
tronic scaler. 

Schematic diagrams and photographs of two types of photomultiplier 
tubes which were designed for scintillation work are shown in Figs. 7-10 
and 7-11. The essential elements in each of these tubes are the photo- 
cathode for releasing the photoelectrons, the dynodes for producing the 
electron multiplication, and the anode for collecting the current pulse. 
In order that the electrons will pass from the photocathode to each of the 
dynodes in succession and finally to the anode for collection, each of these 
elements is placed at successively higher potentials. The electron multi- 
plication is made possible by the secondary-emission phenomenon at the 
dynodes. The ratio 6 of the secondary to the incident current (i.e., the 
secondary-emission ratio) at a particular dynode determines the contri- 
bution of the dynode to the multiplication. The total multiplication M 
given by n dynodes is 

M — 5159 ees On (7-6) 
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the conversion efficiency for Nal(T1), and a commercially available* plastic 
scintillator. The corresponding values of the figure of merit f are 0.77 and 
0.92 for the NaI(T1) and the plastic scintillators, respectively. 

It is desirable that the thermionic-emission current be as small as 
possible in order to minimize the number of noise pulses from this source. 
Although commercial tubes employing Sb-Cs emit as many as 5,000 thermi- 
onic electrons/(sec)(cm?) at room temperature, this is still a factor of 10 


es | TT 










Conversion efficiency, 10°> %&/A 


Spectral sensitivity, mo /wott 


V/ 0 
3500 LA a5 4700 5100 5500 5900 6300 
Wavelength, A 


Fig. 7-12. Conversion efficiency Cyp(A) of plastics and 
Nal(TI) scintillators and the spectral sensitivity S(A) 
of type S-11 photocathodes. [From L. L. Bird, 
Tracerlog, No. 78, p. 12 (1956).] 


smaller than the emission from an Ag-O-Cs surface. The difference comes 
about because the latter has a lower work function than the former. 

New cathodes are continually under development. Morton {21} has 
reported that cesium-activated sodium potassium antimonide and sodium 
potassium antimonide are of considerable interest for photomultiplier 
tubes employed in scintillation counters. 


7-17. Electron Collection and Multiplication 


The electron-multiplier technique is the key to the whole science of 
scintillation detectors. The technique is also of interest in other applica- 


* Distributed by Tracerlab, Inc., Boston, Mass. 
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fairly adequate schemes have been worked out. In the box structure (see 
Fig. 7-11) the first dynode is large in order to increase the efficiency of col- 
lection of photoelectrons. In addition, a shield is provided, the potential 
of which can be varied, in order to maximize the collection efficiency. It 
has been found [31,33] that the uniformity of response over the photo- 
cathode can be optimized by proper choice of shield voltage and that, in 
general, the proper voltage varies for different tubes of the same type. 

The dynode system itself 1s an electron optical system for drawing second- 
ary electrons away from one dynode and causing them to strike the next 
succeeding dynode with a minimum loss of electrons. In the box structure, 
each dynode, except the tenth, has a mesh screen attached to it and facing 
the preceding dynode. This screen is to enhance the secondary-electron 
collection. Since the high-voltage dynodes are relatively far from the low- 
voltage dynodes in the box structure, the voltage per stage can be higher 
than otherwise before excessive leakage currents occur. In the Du Mont 
6292, as high as 190 volts per stage can be used. 

The circular electrostatically focused electron multiplicr is widely used. 
It contains shaped dynodes which have been carefully designed so as to 
produce electric lines of force which guide the electrons throughout the 
structure. The last dynode is shaped to enclose partially the anode, thus 
shielding it so that fluctuations of the anode potential will not disturb the 
interdynode focusing. A mica shield is provided between the photocathode 
and the anode to prevent positive-ion feedback from the anode to the cath- 
ode. Such an effect, if allowed, can result in the phenomenon known as 
afterpulsing [34]. The outgassing possible with silver-magnesium dynodes 
also helps to eliminate afterpulses. 

The relative pulse size in a circular multiplier is quite sensitive to mag- 
netic fields [35]. A field of 0.8 oersted parallel to the dynode-cage axis will 
reduce the pulse size to four-tenths of that with no field. This situation can 
be prevented with a simple magnetic shield. A cylinder of Mu metal 0.045 
in. thick has been found to be effective. 

The collection efficiency of the photoelectrons has been found sensitive 
to mechanical alignment. In the circular type, as well as the box-type 
dynodes, there is found to be an optimum potential for the focusing elec- 
trode to obtain the greatest uniformity of electron collection over the entire 
photocathode surface. 


7-18. Pulse-height Resolution in Photomultiplier Tubes 


The current pulses at the output of a photomultiplier tube are found 
always to have a distribution in size. In applications to scintillation count- 
ing, part of this distribution is due to variation in the amount of light reach- 
ing the photocathode. The remainder of the effect can be attributed to the 
photomultiplier tube. 
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Studies have been made of the size distribution of output pulses resulting 
from uniform-intensity light pulses [35,36]. Further, it has been shown [37] 
that the output pulses originating with single electrons from the photocath- 
ode also have a distribution in size. The latter distribution is due primarily 
to variation in the secondary-emission ratio, while the former has an addi- 
tional contribution from fluctuations in the conversion efficiency from light 
to photoelectrons and from the collection of the electrons from the photo- 
cathode. 

A measure of the uniformity of pulse sizes called the resolution is usually 
adopted. The resolution R is defined as 


__ (*?__ _ (@? 
“F-@ a alles 
where § = mean pulse amplitude 
g? = mean of the square 
A? = mean square deviation of q¢ 


For a series of identical scintillations, the reciprocal of the resolution is 
given by [36] 
1 Az 82 OP 62 


R n2M?> n2° nem?" nemm(m — 1) 


(7-9) 


where n, = average no. of electrons reaching first dynode with constant 
light input 
6.2 = mean square deviation in n, 
m, = average multiplication factor at first dynode 
5,27 = mean square deviation in m, 
m = average multiplication factor at each of n — 1 succeeding 
dynodes 
5? = mean square deviation in m 
M = mm", the over-all multiplication in 7 stages 


The first term in Eq. (7-9) comes from the statistical nature of the 
photoelectric-emission phenomenon. This follows Poisson’s distribution, 
for which case 62 = n.. 

The second and third terms are due to the first and successive dynodes, 
respectively. It has been found that, in general, the secondary-emission 
phenomenon does not follow Poisson’s distribution [38]. However, for 
voltages of the order of 100 volts per stage, 6? is probably about equal to 
m, as in the case of Poisson’s distribution. 


Example 7-1. Compute the pulse-height resolution in a photomultiplier tube having 
an average multiplication factor of 4 in each dynode for (a) the emission of single elec- 
trons from the photocathode and (6) for the collection of 10 electrons, on the average, 
in the first dynode. 
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Solution. By Eq. (7-9), 


1 3t, 8e 58 9 2 Q 
. ot Dat MMMOE-D 


= 0 + 0.25 + 0.08 = 0.33 


R ne nem? nemm(m — 1) 





where m, = m = 4 and 6,7 = 6 = 4. The quantity n. = 1, and 6, is taken as zero be- 
cause each pulse is initiated by one electron only. When n, = 10, then 8 = 10, 
leading to 


z = 0.1 + 0.025 + 0.008 = 0.133 


The corresponding values of FR are 3 and 7.5, respectively. 


From Kq. (7-9) it is clear that the best opportunity to increase the resolu- 
tion is to 1 the number of electrons n, which reach the first dynode. 


This can be done partially by maximizing the light to the photocathode. 
Within the phototube the photocathode sensitivity and F., the fraction of 
photoelectrons collected, should be made as large as possible. 

The resolution of the_photomultj ube_can_ also be increased by 


raising the multiplication per dynode. Equation (7-9) indicates that the 
first dynode is particularly effective in this regard. However, all photomul- 
tiplier tubes have an upper limit on the total voltage that can be applied to 
the tube and therefore a limit to the average multiplication factor. Never- 
tHeless-a voltage Much higher than the avovage oan be applied to the first 
dynode without exceeding the maximum total voltage for the tube. There- 
fore, in applications where maximum resolution is desired, it is the usual 


practice to use a first-dynode voltage of perhaps five times the average 
voltage per stage for the remaining dynodes. 






7-19. Time Resolution in Photomultiplier Tubes 


A finite time is required for the transit of an electron through the mul- 
tiplier tube. This time is inversely proportional to the square root of the 
voltage, being about 3 X 10-8 and 6 X 1078 sec for a circular-type dynode 
structure and box dynode structure, respectively, with 100 volts per stage 
[39]. 

There are found to be statistical variations in this time lag, primarily due 
to variations in the path lengths traveled by different electrons. The root- 
mean-square deviation in the transit time has been found [40] to be about 
0.5 X 10-*sec. 


7-20. Commercial Photomultiplier Tubes 


The development of photomultiplier tubes for scintillation counting has 
been an active and successful field during the past several years. Much of 
the effort has been toward improved resolution in pulse height. This has 
been approached through improved light collection, uniformity of the 
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photocathode, conversion efficiency of the photocathode, and collection 
efficiency of photoelectrons. 

Table 7-3 lists several of the characteristics of commercial photomul- 
tiplier tubes available in 1955. In addition, a number of new types are in 
development [21,31-33]. Included among these are tubes with 16-in.- 
diameter photocathodes. 


APPLICATIONS OF SCINTILLATION DETECTORS TO COUNTING 
7-21. Counting of Nuclear Particles 


It has been pointed out that some nucleonics instrumentation applica- 
tions involve only the counting of nuclear particles, whereas others have 
additional purposes such as the measurement of energy and of time relation- 
ships. Scintillation detectors can be used for all these applications. 


0.01 pf 
0.01 yf 
4.7m 

0.01 yf tert S High voltage i in 

Se3 = S |- and signal out 
4.7m as . 
O.01yf “To.0tut O.01yuf 
4.7m = 1600 volts dc 


> 150 volts dc 





4.7m 


Photomultiplier tube 
—{> Signal output 





Fic. 7-14. Circuit for scintillation counting. 


A simplified version of the arrangement shown in Fig. 7-1 is all that is 
required for counting nuclear particles. A photomultiplicr tube and the 
appropriate scintillator and preamplifier are usually mounted as one unit. 
Figure 7-14 shows a preamplifier along with the voltage-divider arrange- 
ment for supplying the proper voltages to the dynodes. The output of this 
preamplifier can be connected directly to the input of any scaler requiring 
a negative pulse and having an input sensitivity of around 0.25 volt. The 
Geiger-Miiller-tube input on most scalers serves this purpose very well. In 
this way, the high-voltage supply in the scaler can be used for the photo- 
multiplier-tube high-voltage supply. 

Example 7-2. If a scintillation counter with an anthracene scintillator is used to 
count 1-Mev electrons, estimate the electron multiplication that is required in the 
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photomultiplier tube. Assume that the phototube delivers its signal to a scaler with 
an input capacity of 25 yuf and a sensitivity of 0.25 volt. 
Solution. To deliver a pulse of at least 0.25 volt, a charge ¢ of 


q = 0.25 X C = 0.25(20 X 10-*) = 5 X 10-" coulomb 
must appear at the photomultiplier-tube anode. Assuming the valuesC,, = 4%, T, = 


F, =f =F. = 1 and S,, = 0.05, Eq. (7-2) yields a value of 
Ne = 10°C apT pF pSmfF. = 10°(0.04)(0.05) = 2 X 10? 


for the number of photoelectrons collected by the first dynode. The electron multi- 
plication required is therefore 


5 X 107! 


M= (2 X 10%)e 


= 1.5 X 104 


7-22. Alpha-particle Counting 


Silver-activated zinc sulfide is the most satisfactory scintillator for alpha- 
particle counting. This material has a very high efficiency for conversion 
from nuclear energy to light but its transparency is low. However, by pre- 
paring the zinc sulfide scintillator in a layer of thickness comparable with 
the range of the alphas, the lack of transparency is avoided. Around 5 to 
10 mg/cm? is the optimum thickness for detecting alphas occurring in 
radioactive decay. 

Although other types of radiation which may be present will also produce 
scintillations in the zinc sulfide, these can, as a rule, be discriminated against 
because of their relatively small intensity. 

Zinc sulfide scintillators can be coated directly on the glass envelope of 
the photomultiplier tube. Alternative arrangements in which the zinc 
sulfide is coated on a transparent material such as lucite are employed also. 
In this event, the transparent backing for the zinc sulfide is optically cou- 
pled to the photocathode. 


7-23. Gamma-ray Counting 


Inorganic crystals, especially sodium iodide activated with thallium, are 
used ordinarily for gamma counting. The NalI(TI) crystals are particularly 
efficient for this application because of their relatively high density and 
atomic number. 

An estimation of the efficiency of a scintillation counter for gamma rays 
can be made by computin tion of the gamma rays absorbed in pass- 
ing through the scintillator. If the assumption is made that all the ab- 
sorption processes, regardless of their nature, result in a count, the total 
absorption coefficient y, such as that given in Fig. 7-15 for NaI(TI), is used. 


For a parallel beam of gammas impinging normally on a slab of thick- 
ness d, the intrinsic efficiency is simply 1 — e—#“¢. For a point source on the 
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Fic. 7-15. Gamma absorption coefficients for sodium 
lodide versus gamma-ray energy. [From W. H. Jordan, 
Ann. Rev. Nuclear Sct., 1:221 (1951).] 


axis of a cylindrical scintillator, as shown in Fig. 7-16, the intrinsic effi- 
ciency e may be computed as 


(1 — e—#7) dQ 
= fr ~~) an (7-10) 
where Q, is the solid angle subtended by the crystal measured from the 


source point. Values of « for a 1%4-in.-diameter by 1-in.-high NalI(TI) 
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removing this uncertainty is to count just the pulses whose height corre- 
sponds to the full gamma energy. Practically, this may be accomplished 
by taking the area under the full-energy peak of the differential pulse-height 
distribution curve. In Fig. 7-19 this so-called intrinsic peak efficiency is 
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Fig. 7-18. Intrinsic efficiency of NaI(T1) crystal versus gamma- 
ray energies for source-to-crystal distances of 2 cm to infinity; 
crystal 114-in. diameter by 1 in. high. [From P. R. Bell, Article 
in K. Stegbahn (ed.), ‘‘Beta- and Gamma-ray Spectroscopy,’ Inter- 
science Publishers, Inc., New York, 1955.] 


plotted versus gamma energy for several different-size crystals as well as 
for different source-to-crystal distances. 

The efficiency of scintillation counters for gamma rays is of the order of 
100 times that for Geiger-Miller counters. This high efficiency has opened 
up new possibilities in measurements of low values of gamma activity. For 
example, scintillation detectors have been successful in locating uranium 
deposits from helicopters flying at 550 ft [42]. 

The background counting rate, as well as the total counting rate, in- 
creases when the efficiency of the counter is increased. However, if the 
efficiency for counting background and that for counting the source activity 


both increase by the same factor C, the accuracy which can be obtained in a 
fixed time is higher by a factor of “C for the higher-efficiency detector. 
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the availability in liquid and solid solutions as well as crystalline forms, 
contributes greatly to their utility. Although NalI(T1) has a higher conver- 
sion efficiency for electrons than do the organic scintillators, its slow re- 
sponse and the requirement for a hermetic seal limit its utility for electron 
detection. Further, the high atomic numbers of the constituents of Nal 
(Tl), while advantageous in gamma-ray detection, actually are objection- 


able for electrons because of the large percentage of backscattering from 
the scintillator 


ee 


TABLE 7—4. GAMMA-RAY BACKGROUND IN 114- By 1-IN. 
Nal(TL) CrystTas* 





Integral background, 
Shielding, counts/min 
inches of steel 


0.2-2.5 Mev 70 kev—-2.5 Mev 

None 576.4 
34 312.2 
1% 173.2 
3 84.2 
6 46.6 

8 41 62 

8 + 2in. Pb 29.5 4} 

8 + lin. Hg 26 35 

8 +2in. Pb + 1 in. Hg 25 32.5 


* From C. E. Miller, L. D. Marinelli, R. E. Rowland, and J. E. 
Rose, Nucleonics, 14:40 (April, 1956). 


Organic-liquid scintillators are particularly useful for counting weak 
betas. In these applications the beta emitter may be mixed in the phosphor 
if the fluorescence phenomenon is not quenched by so doing. This method 
eliminates both detector-window absorption and self-absorption by the 
source. 

The liquid scintillators have found wide-scale use for the counting of the 
soft-beta emitters C' and H® (tritium). These radioisotopes emit betas 
with peak energy of 160 and 18 kev, respectively. A primary design con- 
sideration in this application is the potential noise background due to the 
electrons which are emitted from the photocathodes by thermionic emission. 
As was pointed out in Sec. 7-16, a typical photocathode may emit around 
5,000 electrons/(sec)(cm?) at room temperature. A typical distribution in 
height of the pulses due to these electrons [37] may result in 0.1 per cent of 
these electrons having a pulse height corresponding to at least the average 
height for nine electrons starting at the photocathode. For a photocathode 
114 in. in diameter or 11 cm? in area, there would be about 55 pulses of this 
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height per second due to thermionic emission. Unless the rate of occurrence 
of light pulses was at least this large, it would not be practical to count them 
if they released as few as nine photoelectrons. If 10 to 20 photoelectrons 
are taken as the practical lower limit for the number of photoelectrons, one 
obtains 5 to 10 kev as the minimum energy which the nuclear particle must 
dissipate in the scintillator under the conditions assumed in Example 7-2. 

If these noise pulses are eliminated by a simple discriminator, the effi- 
ciency, particularly for tritium, is low because of the pulses that must be 
rejected. This situation may be improved by the careful selection of photo- 
multiplier tubes and by refrigeration of them. For the best efficiency, the 
coincidence method, described below, is used. 

Two photomultiplier tubes with their associated circuits receive the light 
from the scintillation cell, and after energy selection only those pulses which 
occur simultaneously (within 1 ysec or less) are passed by a fast coincidence 
circuit. Since the thermal noise pulses are random and uncorrelated in the 
two tubes, most of them are rejected in this process. 

The techniques of liquid scintillators have been developed to a high state 
of perfection [44-47]. The manner in which the sample to be counted is 
incorporated with the liquid scintillator depends on its chemical nature. 
In the case where the scintillator solvent is toluene, a sample which is soluble 
in toluene may be dissolved directly in the scintillator. If the sample is not 
soluble in toluene but is water-soluble, then the water solution may be 
dissolved in the scintillator solution with the aid of absolute alcohol. Still 
another possibility is a sample which is finely ground and suspended in the 
scintillator for counting. 

The addition of the sample may impair the efficiency of the scintillator. 
Such quenching may be corrected for by the use of an internal standard. 
Accurate standards are available for both tritium and C". 

Efficiencies of 70 per cent have been achieved for counting cholesterol 
(C'*) in a xylene-terphenyl-diphenylhexatriene scintillator, while better 
than 30 per cent has been reported for stearic acid (H*) in the same scintil- 
lator [48]. 


7-25. Neutron Counting 


Applications of scintillation counting to neutron measurements will be 
discussed in Chap. 9. In general, the advantages which arise are similar 
to wee for detection of other particles. These advantages include small 

lume of the detect iting rates, high efficiency, and 
Sa flexibjijity. 

A number of materials for neutron scintillators are available. In these 
the detection of the neutrons is made possible through the charged particles 
which are released by various neutron-induced reactions. 
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7-26. Dependence of Counting Rate on Photomultiplier-tube Voltage 


The existence of plateaus in the counting-rate versus detector-voltage 
curves has been discussed in connection with both Geiger-Miiller and pro- 
portional counters. The term plateau refers to a range of voltages on the 
curve where the slope is markedly less than in other ranges. A plateau with 
zero or, at the most, a small slope only is desirable since this ensures that the 
efficiency of the detector will be insensitive to small changes in the power- 
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Fic. 7-20. Relationship between the pulse-height-distribution and the counting- 
rate—phototube-voltage curves. 


supply voltage. In scintillation counting a plateau does not exist, in gen- 
eral, although under certain conditions one may be found. 

The counting-rate multiplier-tube-voltage curve can be predicted if the 
distribution in height of the pulses from the photomultiplier tube is known. 
A number of factors contribute to this pulse-height distribution curve, as 
discussed in Sec. 7-28. 

Figure 7-20 illustrates the relationship between a pulse-height distribu- 
tion curve and the corresponding counting-rate versus voltage curve. The 
curves marked dN/dh are known as the differential pulse-height curves; 
they show the number of pulses per unit pulse height versus the pulse height 
h. The quantity (dN/dh) dh represents the number of pulses with height 
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between h and h + dh. The curves marked N(h) are the integral pulse- 
height curves; that is, N(h) has the meaning 


dN 
N(h) = . dh dh 
For the curves of N(h) and dN/dh, the photomultiplier-tube voltage is 
considered to be constant. 

The counting-rate curve is obtained from that of N(h) by the following 
considerations. The pulses being counted at a certain photomultiplier 
voltage are all of those for which the electron multiplication is sufficient to 
produce a voltage pulse at least as large as the setting of the discriminator. 
If V, and M, designate the photomultiplier voltage and multiplication, 
respectively, when counting starts, the pulse-height distribution for this 
condition is such that Amax is Just equal to the discriminator voltage setting 
va. Increasing the phototube voltage to V corresponds to expanding the 
pulse-height scale by the factor (V/V,)’. The resulting counting rate can 
be determined by the value of N(h) which occurs at a pulse height of va on 
the expanded scale. 

In the absence of a plateau, as in Fig. 7—20a, it is particularly important 
to use a power supply with good voltage regulation. This is evident from 
Eq. (7-7). If ha(V) represents the pulse height h which equals vg for a given 
value of V, then 

dha _ _ 1 dV 

ha V 
That is, a 1 per cent change in the photomultiplier-tube voltages makes a 
7 per cent change in the value of the abscissa on the integral pulse-height 
curve. The corresponding change in counting rate would be (dN/dh)s.dha. 

The dotted curves in Fig. 7-20 represent the background due to ambi- 
ent nuclear radiation and that due to tube noise, respectively. The latter 
is the counting rate one would measure if the scintillator were removed. 
An operating voltage just at the point where tube noise sets in would give 
the highest possible efficiency at the lowest background. 

While the distributions in Fig. 7-20 are meant only to be illustrative 
rather than to apply to a particular radiation type, examples leading to 
each distribution can be given. Scintillations from a continuous beta 
spectrum would result in a distribution similar to Fig. 7-20a. On the 
other hand, monoenergetic particles, e.g., alphas, produce a distribution 
similar to Fig. 7-20b. Furthermore, monoenergetic gammas with a high-Z 
scintillator such as NaI(T1) have a voltage characteristic with a plateau if 
the crystal is large enough. 


198 NUCLEAR RADIATION DETECTION 


7-27. Resolving and Dead Time in Scintillation Counters 


The resolving time 7, for counting measurements was introduced in Sec. 
2-7 as the minimum U ich must exist between successive events if 
they are to be counted as two events. At a counting rate m, a fraction 
t7m of the events is lost because of this dead time. 

The resolving time in a Geiger-Miiller counter is 100 ysec or more, while 
in a scintillation counter it can be a small fraction of a microsecond. There- 
fore the scintillation counter can be used at a much higher counting rate 
than the Geiger-Miiller tube. 

In the usual case, the resolving time in a system employing a scintillation 
counter is determined by the recovery time of the electronic scaler. In 
conventional scalers this is from 1 to 5 usec. Special circuits [49,50] with a 
fixed dead time of 0.2 usec have been developed. 

To have the resolving time determined by the electronic circuit requires 
that the decay time 7 of the scintillator be much less than 7,. The time 
dependence of the charge arriving at the anode of the photomultiplier is 


q = qoe~'" 


under the conditions that any dispersion due to the electron multiplication 
is neglected. To obtain the fastest response, the voltage pulse accompany- 
ing the collection of charge is differentiated, and the resulting voltage pulse 
drives the scaler. The voltage is proportional to e~‘/". If the quantity 
e—/r ig sufficiently small, the pulse will have dropped below the discrimina- 
tor setting by the time the electronic circuit has recovered. 

The organic scintillators, particularly stilbene with a decay time of about 
0.005 usec, can be used with a circuit resolving time of 0.1 ysec or less. 
Consequently, counting rates up to 10° per second can be accommodated 
with less than 1 per cent dead-time loss. 

When the counting rate is large enough that it is necessary to make a 
dead-time correction, an experimental determination should be made of 
the dead time. The two-source method (Sec. 5-6) will suffice for this deter- 
mination. 7 

Still another important consideration is the limitation on the accuracy 
to which the time occurrence of events can be determined. This limitation, 
designated as the time resolution, arises because of fluctuations in the time 
interval between the passage of the nuclear particle through the scintillator 
and the triggering of the timing circuit. The triggering corresponds to the 
reaching of a certain level of charge collection at the photomultiplier-tube 
output. 

The time resolution is determined by the time spread in the passage of 
electrons through the photomultiplier (see Sec. 7-19), the fluorescent decay 
time + of the scintillator, the total number n, of electrons emitted at the 
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photocathode, and the number of cathode electrons m, required for trigger- 
ing the timing circuit. Estimates of the root-mean-square deviations, 
trms, in time-interval measurement for three different scintillators are given 
[21] in Table 7-5. 


TABLE 7—5. ESTIMATES OF TIME RESOLUTION IN THREE SCINTILLATORS* 


Type tems (SEC) 
PQUIG terns pete een vk wegen eee 2.2 X 107" 
Trans-stilbene...................... 1.7 X 107" 
Anthracene................... 3.3 X 107" 





* From G. A. Morton, ‘Proceedings of the International Conference on the Peaceful 
Uses of Atomic Energy,” vol. 14, p. 246, United Nations, New York, 1956. 


SCINTILLATION DETECTOR AS A SPECTROMETER 
7-28. General Considerations 


As was pointed out earlier, one of the important properties of a scintilla- 
tion detector is its ability to give an indication of the energy of the incident 
nuclear radiation. Because of this property, the differential pulse-height 
distribution curves from a scintillation detector can be used to determine 
the energy spectrum of the incident particles. Systems of this type have 
been used extensively both as beta- and gamma-ray spectrometers. Bell 
[25] has recently written an excellent review of these applications. 

Factors determining the relationship between the charge released at the 
photomultiplier-tube anode and the nuclear-particle energy have been 
discussed in the previous section. For spectrometer applications it is im- 
portant that these factors remain nearly constant for all particles of the 
same energy; 1.e., a group of monoenergetic particles should result in a 
group of pulses of the same height. In practice, a spread of distribution of 
pulse sizes is experienced. This spread can be expressed in terms of the 
resolution FR in Eq. (7-8) or by Wy, the percentage full width of the pulse- 
height distribution curve at one-half of the maximum. The quantity Wx, is 
calculated as 


Wx = Ahy, X 100% 


hmax 
where hmax 18 the pulse height corresponding to the maximum in the curve 
while Ahy is the pulse-height interval between the points at which one-half 
of the maximum value occurs. If it is assumed that the pulse-height distri- 
bution follows the “‘normal” error curve, the relationship between Wy, and 
RisWy = 236/R%, where Wy is expressed asa percentage. Making use of 
Eq. (7-9),Wx can be written as 
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ee ee 


where n,. now has the meaning of the average number of electrons reaching 
the first dynode per monoenergetic particle striking the scintillator, and 
the other symbols have the meanings assigned previously in Sec. 7-18. 

Since the value 1 is the controlling term in the bracket of Eq. (7-11) (see 
Example 7-1), it is clear that the major effect on the resolution can come 
through n,.. Consequently, maximizing the efficiency of the conversion 
from nuclear energy to light, the collection of the light, the photoemission, 
and the collection of the electrons leads to the best resolution for a given 
energy of radiation. 

The effect of the fluctuations in the secondary emission of the dynodes 
on the resolution was discussed in Sec. 7-18. The optimization of the 
dynode voltage to improve this situation was also covered. 
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Fic. 7-21. Block diagram of a scintillation spectrometer. 


There are a number of nonbasic factors which can decrease the resolution 
capability of the scintillation detector. Among these are optical imperfec- 
tions in the crystal, nonuniformity of the photocathode, instability in the 
photomultiplier, fluctuations in the high voltage applied to the photo- 
multiplier, and excessive noise in the photomultiplier. 

The resolution of scintillation detectors for gamma-ray spectrometers 
has been discussed by several investigators [51-55]. Recent studies [56] 
which compare the resolution obtainable when the light is from a scintillator 
with that resulting with light from an artificial light flash indicate that there 
is a large contribution to the width that is intrinsic to the scintillator. This 
effect needs further study. 

With reasonable care, 10 per cent full-width resolution can be obtained 
for the 0.661-Mev gamma ray of Cs? with an NaI (TI) crystal. Under good 
conditions this may be lowered to about 6 per cent [25]. 

Figure 7-21 is a block diagram of a scintillation spectrometer. The fun- 
damentals of pulse-height analysis were introduced in Sec. 2-8, and a single- 
channel analyzer was discussed. As the sample activity is reduced, the 
time required for obtaining a certain accuracy is increased. The time ele- 
ment makes the use of a single-channel pulse-height analyzer impractical 
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for low-activity samples, as well as for specimens with short half-lives. 
Multichannel analyzers have been developed which help to avoid this limi- 
tation. In these instruments determinations of the counting rates can be 
made in as many as 20 or more channels simultaneously. A discussion of 
pulse-height analyzers can be found in Chap. 10 and in the comprehensive 
articles of Van Rennes [57]. 


7-29. Gamma-ray Scintillation Spectrometers. 


The wide-scale use of scintillation detectors as gamma-ray spectrometers 
has been made possible by the availability of large single crystals of 
Nal(Tl) and the development of end-window photomultiplier tubes with 
high resolution. Gamma rays interact with the NaI(TI) crystals by three 
mechanisms: photoelectric effect, Compton effect, and pair production. 
The partial absorption coefficients due to these effects are shown in Fig. 
7-15. In each of the processes, a portion of the primary photon energy 
goes into the kinetic energy of electrons—negative electrons in the photo- 
electric and Compton processes and both negative electrons and positrons 
in pair production. The remainder of the energy goes into secondary pho- 
tons. Except when the interaction occurs near the surface and the electron 
escapes the scintillator before coming to rest, the kinetic energy of the 
electron goes into the production of light. The secondary photons may or 
may not release further electrons and thus lose light-producing energy to 
the scintillator. If light is produced, it adds to that caused by the electrons 
released in the primary process, and the total light output is proportional 
to the primary photon energy Ey. These separate stages of the interactions 
occur so nearly simultaneously compared with the decay time of the 
phosphor that their light outputs will not be resolved in time but will show 
up as a single pulse of light. 

In the photoelectric process the secondary photon is an X ray, and be- 
cause of its low energy it is absorbed in the scintillator essentially every 
time. Consequently the photoelectric process results in a light pulse of 
energy proportional to the primary gamma energy except for the surface 
effect mentioned above. 

In the Compton process a relatively large fraction of the primary energy 
may go into the scattered gamma. This depends on the scattering angle 
and the energy of the primary gamma. The energy of the scattered gamma 
is given by Eq. (1-26). 

In pair production an energy equal to twice the rest-mass energy of an 
electron, or 1.02 Mev, is required for producing the pair. Consequently the 
total kinetic energy of the pair is only E — 1.02 Mev. However, when 
annihilation of the positron occurs, two 0.51-Mev photons are produced. 

Both the scattered gamma in the Compton effect and the annihilation 
radiation accompanying pair production escape the scintillator a large part 


202 NUCLEAR RADIATION DETECTION 


of the time except in very large NaI(T1) or other high-density crystals. 
Thus, with the intermediate-size crystals, the pulse distribution from mono- 
energetic gamma rays contains both pulses representing the entire gamma 
energy and those representing but a fraction of the energy. As the crystal 
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Fic. 7-22. Pulse-height distribution curves of Cs'? gammas taken by 
1- by 1.5-in.-diameter and 3- by 3-in.-diameter NaI(T1) scintillators. 
[From P. R. Bell, Article in K. Siegbahn (ed.), ‘‘Beta- and Gamma-ray 
Spectroscopy,’’ Interscience Publishers, Inc., New York, 1955.] 


size is increased, the latter become a small fraction of the total. The dif- 
ferential pulse-height distribution curves of Cs'**? gamma rays, shown in 
Fig. 7-22, illustrate this effect. The full-energy peak, designated as 661 
kev, is seen to increase, while the lower-energy distribution decreases when 
the scintillator size is changed from 1 in. high by 1)4-in. diameter to 3 in. 
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high by 3-in. diameter. This effect is illustrated further in Fig. 7-23, in 
which the ratio of the area under the full-energy peak to the full area under 
the pulse-height distribution curve is plotted versus the photon energy. 
The ratio of the partial absorption coefficient of NaI(T1) due to the photo- 
electric effect to the total absorption co- 
efficient is also shown for comparison 100 Ne 

purposes; the latter is the ratio which NAL Hever ror 
would occur in the pulse-height curves s50|\\ WN [3x Fin, 93cm 
if no absorption of the secondary gam- ~ 
mas took place. 

Spectrometers which employ crystals 20 
sufficiently large that most of the pulses 
appear under the full-energy peak are 
known as total-absorption spectrom- 
eters. Bell (58] has described such a 
spectrometer; it employs a scintillator 
equivalent to a 5)4-in. sphere with a 
\y-in.-diameter hole drilled to its center 
for positioning the source. 

When it is required that the spectrum 
obtained with a scintillation spectrom- 0 400 800. 1200 
eter be such that several groups of Energy, kev 
monoenergetic gammas can be identi- yg. 7-23. Peak-total ratios for two 
fied, it is desirable that each energy  different-size NaI(T1) crystals; also, 
gamma result in but one pulse size. This ee ee ria aats 
: ° : rom P. R. Bell, Arti- 
is especially true when the lower-energy cle in K. Siegbahn (ed.), “Bela~ and 
gammas have small intensities relative Caminavay, Specttosconys? Inierse- 
to the higher-energy gammas. In this ence Publishers, Inc., New York, 
case the total-absorption peak of the  1955.] 
lower-energy gamma can be lost easily in 
the Compton recoil-electron continuum of the higher-energy gamma, if such 
a continuum exists. The total-absorption spectrometer approaches the res- 
olution which is required for the separation of several gamma-ray energies. 

A one-to-one correspondence between gamma-ray energy and pulse 
height can also be obtained with smaller crystals (dimensions around 1 in.) 
by the use of more than one scintillator and photomultiplier tube. Two 
such devices are the two-crystal spectrometer and the pair spectrometer. 
A two-crystal spectrometer [59] employs a coincidence arrangement (see 
Chap. 10) so that only the Compton recoil electrons which are accompanied 
by a scattered gamma of a fixed angle (around 135°) are allowed into the 
pulse-height analyzer. Thus all other pulses are eliminated. The two- 
crystal spectrometer achieves resolutions comparable with the single- 
crystal type. However, it has the disadvantage of requiring a source which 
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is a factor of a thousand or more times larger because of the small fraction of 
particles actually accepted by the analyzer. 

The pair spectrometer [60] employs three crystals in a row, each being 
viewed by a different photomultiplier tube. The output of the center 
crystal goes to the pulse-height analyzer. A triple-coincidence arrange- 
ment is employed so that the analyzer accepts only the pulses from the 
center crystal which are accompanied by scintillations in the two adjoining 
crystals. The gamma rays to be analyzed are allowed to strike the center 
crystal. A triple coincidence can occur in the pair-production process when 
the two annihilation quanta which accompany the destruction of the posi- 
tron interact one each with the two adjoining crystals. Thus the pulses 
which are analyzed are those giving the total kinetic energy of the pair. 
This energy is E, — 1.02 Mev. The source strength required by the pair 
spectrometer is not as large as with the two-crystal spectrometer. One 
microcurie of a 2.7-Mev gamma ray has been found satisfactory [60] for the 
former. 


7-30. Medical Scintillation Spectrometry 


The techniques of the single-channel scintillation spectrometer have been 
applied [61] to radioiosotope measurements in medical diagnosis and 
therapy. By counting only those pulses appearing under the full-energy 
peak, scattered radiation will not be detected. This fact, coupled with the 
use of specially designed collimators, leads to accurate position measure- 
ments. Further, background counting rates are much lower because only 
those background pulses that occur in the selected channel are registered. 


7-31. Beta-ray Scintillation Spectrometers 


Anthracene crystals are used most widely as the scintillators in beta-ray 
spectrometers. NalI(T1) can be used also. The considerations outlined in 
Sec. 7-24 indicate the preference for the former. However, anthracene does 
have the disadvantage of a nonlinear light-energy response below 100 kev 
[22], making a correction required in the correlation of pulse height and 
energy. 

The scintillators are usually prepared with an area similar to that of the 
cathode of an end-on-type photomultiplier tube and a thickness at least as 
great as the range of the maximum-energy beta particles. A typical crystal 
might have a thickness of 14 in. and a diameter of 1 in. A thin aluminum 
foil as a cover can serve the dual purpose of a light reflector to aid in the 
light collection and a protection against the ambient light. 

A distortion of the beta spectrum occurs if any of the beta particles are 
backscattered out of the scintillator and therefore dissipate but part of their 
energy init. The arrangement shown in Fig. 7-24 helps to avoid this, to a 
large extent. The electrons hit the bottom of the hole, and if they are back- 
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scattered they have but small chance of escaping the scintillator, because of 
the shape of the opening. 

A number of secondary effects exist which must be accounted for in 
accurate beta-ray spectroscopy [25]. These include coincident gamma-ray 
transitions which, if absorbed, add 
light to the beta-induced scintillations 
and absorption by window, reflector, 
air, or any other absorber between the 
source and the scintillator. 

Scintillation-type beta spectrome- 
ters can be used with much weaker 


Phoromuttiplier tube 





‘ =a eo <— Collimoror 
sources than can the magnetic type. 

This is possible because the fraction of Source 

the beta particles entering the scintil- 254 Acesivcrient teeahewerer: 
lator can be made to approach 50 per tion of loss of backscattered electrons 
cent, whereas in a magnetic type only __ ina beta-ray spectrometer. 

a per cent or less can be employed. . 
In addition, errors due to self-absorption in the source can be avoided to a 
greater extent in the scintillation spectrum because sources of larger area 
and smaller activity can be used than in the magnetic type. 


FURTHER APPLICATIONS OF SCINTILLATION DETECTORS 
7-32. Wide Utility of Scintillation Detectors 


No attempt will be made in this book even to list all the types of experi- 
ments in which scintillation detectors have been employed. Todo so would 
involve enumerating nearly every type of nucleonics instrumentation prob- 
lem which has been met in recent years. 

A discussion of many applications of scintillation counters is found in 
Birks [3] and in Curran [62]. In the present discussion emphasis is on 
special applications which are made possible through the particular charac- 
teristics possessed by scintillator detectors. 


7-33. Measurements for Very-high-energy Particles 


A review article by Wouter [63] describes the application of scintillation 
detectors to measurements with high-energy particles. These measure- 
ments include particle-scattering experiments and meson experiments. 

A typical proton-scattering experiment employs a collimated incident 
beam from the 184-in. frequency-modulation cyclotron impinging on a 
target. The beam may consist of 10’ protons of 340 Mev, emerging during 
25 usec and repeated about 60 times per second. The flux as measured by a 
detector of narrow aperture may result in a dozen true proton counts per 
second. The scattered protons are accompanied by a background flux per- 
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haps a hundred times larger consisting of deuterons, protons, high-energy 
electrons, mesons, and gammas coming from inelastic scattering in the sur- 
rounding matter. The spectrum of this background ranges up to 340 Mev, 
but most of it is around a few Mev. 

Measurements of this sort by the use of a gas-type instrument such as 
@ proportional counter are seriously limited by the extent of the discrimina- 
tion which is possible and by the resolving power of the instrument. The 
scintillation detector avoids, in a large part, both of these factors. 

In a proportional counter the pulse sizes from the low-energy background 
particles are often as large as or larger than those due to the high-energy 
particles. This occurs since the specific ionization of the high-energy par- 
ticles is much smaller than that of the lower-energy particles and since the 
distance traveled by each group of particles is essentially the same as the 
chamber dimensions. On the other hand, in the scintillation detector, be- 
cause of its higher density, the range of the background particles in the 
scintillator is much less than the scintillator dimensions; therefore the ratio 
of the pulse heights due to the two groups of particles is considerably better, 
and much more effective discrimination results. 


7-34. Investigation of Short-lived Nuclear Isomers 


Many nuclei possess metastable excited states known as isomeric states. 
The common mode of decay to the ground state is by gamma emission. 
Each isomer has a characteristic half-life. Half-lives ranging from less than 
10-* sec to several years are known. 


a Vorioble 
and phototube time delay 
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(y) 
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Fic. 7-25. Delayed-coincidence method for half-life measurements. 
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For the longer half-life measurements, Geiger-Miiller counters have been 
used. However, these detectors cannot be used for half-lives less than 10—* 
sec because their resolving times are of this order. The short resolving time 
of the scintillation counter has allowed the extension of the half-life meas- 
urements down to 10~° sec. 

The block diagram for the half-life measurements is Fig. 7-25. The meas- 
urement makes use of the fact that the formation of the isomeric state is ac- 
companied by the emission of a beta particle. Coincidence counts between 
the gamma ray accompanying decay of the isomer and the beta particle 
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accompanying the formation of the isomer can be made if the pulse accom- 
panying the latter is delayed. The variation of the coincidence rate with 
the delay time gives the half-life of the isomer directly. Decay periods of 
numerous isomers with values from 10—* to 10-* sec have been measured by 
McGowan [64] and others. McGowan [64] has also extended the method to 
the measurement of the amplitude distribution of the radiation from the 
isomer as well as from the parent nuclei. 


7-35. Large-volume Liquid Scintillators 


Much of the wide utility of scintillation detectors rests in the versatility 
which is possible in the size and shape of the scintillators. Large-volume 
liquid scintillators are particularly interesting for applications where other- 
type detectors give zero or a very small counting rate because of the small 
flux subtended and/or the small efficiency for interaction with the particles. 
Cosmic-rays measurement is one area in which the large liquid scintillator 
is being employed to increase the rate at which data are collected. 

Harrison, Cowan, and Reines [65] used a large liquid scintillator success- 
fully for studying the neutrino. They measured the cross section for the 
reaction 


y + 1H'— je? + on! 


In this experiment a large tank was used, since the cross section for the 
reaction is quite small. The tank contained 300 liters of toluene-terphenyl-a 
naphthyl phenyloxazole as a liquid scintillator with cadmium propionate 
added. The tank was cylindrical in shape and was equipped with 90 photo- 
multiplier tubes in spiral rows on the walls. The tubes were divided into 
two groups and connected in parallel to the two inputs of a coincidence 
analyzer. The positrons cause a pulse to enter one channel. The neutrons 
which are created with an energy of a few kev are first slowed down to 
thermal neutrons. Once they reach thermal energies, they are captured by 
the cadmium, and the capture gamma produces a scintillation which passes 
to the other channel of the coincidence analyzer. By delaying the pulse 
originating with the positron, the neutrino-induced reaction described above 
can result in a count. 


7-36. Dosimetry Applications of Scintillation Detectors 


The light emission in a scintillator is a good measure of the absorbed 
radiation energy, under the appropriate conditions. These applications 
have been reviewed by Ramm [4]. The most widespread use is for the 
dosimetry of gamma radiations, but the dosimetry of neutrons and charged 
particles has been investigated also. 

In dosimetry applications the scintillation detector is usually employed 
as a mean-level device. The average current is proportional to the scintil- 
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lator light output within a certain range. The useful current range of the 
photomultipliers and consequently the range of dose rates detectable with a 
given system are limited at low and high currents by dark currents and 
photomultiplier fatigue, respectively. For a given multiplication factor M, 
the dark current at room temperature is about 8 X 10-“M amp; it is there- 
fore of the order of 10-7 to 10—-* amp for the most frequently used multipli- 
cation factor of about 5 K 105. At anode currents of 10-5 amp and above, 
appreciable fatigue of the multiplier has been observed. This current range 
corresponds to a practical range of dose rates from 10~ to 1 r/hr with an 
anthracene crystal of 20 g. 

Except for the photon-energy dependence of the relationship between 
absorbed particle energy and light output, as described in Sec. 7-11, the 
latter can be taken as proportional to the gamma-energy absorption in the 
scintillator. Accordingly, subject to the limitations imposed by the atten- 
uation of the gamma radiation in the scintillator, the establishment of 
secondary-electron equilibrium, and the dependence of the absorption on 
atomic numbers of the scintillator constituents, the photomultiplier-tube 
output can be calibrated in dose rate. 

The dependence of the response of a scintillation-type dosimeter on 
photon energy has been studied by comparison with an air-wall ionization 
chamber [4]. The theoretical prediction of this relative response has been 
made for anthracene crystals of four different thicknesses. This particular 
calculation neglects the energy dependence of the conversion efficiency. 


PROBLEMS 


7-1. What pulse size would a 50-kev electron produce at the input of a pulse amplifier 
having an input capacity of 20 uuf in a system using an anthracene crystal and a Du 
Mont 6292 photomultiplier tube with 130 volts per stage? Make reasonable assumptions 
on any other parameters of the system as necessary. 

7-2. Compute the conversion efficiency of an Nal scintillator from Fig. 7-12. 

7-3. Use Fig. 7-12 to compute the figure of merit of an Nal scintillator employed with a 
type S-11 photocathode. 

7-4. Consider a counting system employing scintillation detectors in which the re- 
solving time for the system is limited by the decay of the luminescence and is approxi- 
mately equal to the decay time of the scintillator. Calculate the counting rate at which 
the counting losses are 1 per cent for both anthracene and Nal scintillators. 

7-5. Discuss the significance of Figs. 7-4 and 7-5 to the utilization of the various 
scintillator types for energy spectrometers. 

7-6. Prove that the units for spectral sensitivity of microamperes per microwatt and 
photoelectrons per electron volt are equal. 

7-7. Compute the pulse-height resolution in a 10-dynode photomultiplier tube for 
which the average multiplication factor for the first dynode is 4 and that for each 
succeeding dynode is 3. Assume that 10 electrons are emitted from the photocathode. 

7-8. Calculate the efficiency of a scintillation counter using a 1-in.-thick NalI(TI) 
crystal for counting Co”. Assume that the gamma rays strike the scintillator in per- 
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pendicular incidence and that the discriminator is set to receive all the scintillations from 
the crystal, regardless of their size. 

7-9. Compare the results obtained in Prob. 7-8 with the values obtained from Figs. 
7-17 to 7-19. Explain. 

7-10. Compute the theoretical ratio of the area under the photoelectric peak to the 
total area for a differential pulse-height distribution curve obtained with a large NaI (T]) 
crystal irradiated with a Cs!*" source. 
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CHAPTER 8 


PHOTOGRAPHIC EMULSIONS AND OTHER DETECTION 
METHODS 


Four important types of nuclear-radiation detectors have been considered 
in detail in the preceding chapters. In addition to these methods, there are 
a number of other detection systems which might be discussed. A brief 
treatment of several of these methods is included in this chapter. 

In the organization of this book it has been necessary to make a rather 
arbitrary decision as to which detectors would be treated in detail in sepa- 
rate chapters and which would be covered in this chapter. The main 
criterion which has been applied is the extent to which the particular detec- 
tor type has found general utility. 

Some of these detection methods perhaps deserve a more detailed treat- 
ment than is afforded them here. However, the attempt has been made 
to include sufficient information that the reader can understand the basic 
features of the methods and evaluate their utility. In addition, reference 
to comprehensive discussions of the techniques are included for those 
readers needing more information. 


NUCLEAR-EMULSION TECHNIQUES 
8-1. Description of Techniques 


When charged particles pass through photographic emulsions, they can 
produce latent images along their paths. Upon development of the film, 
the grains of silver appear along the tracks of the particles. A variety of 
information can be obtained from a study of the tracks. Counting of the 
individual paths gives a measure of the number of nuclear particles entering 
the plate. A study of the detailed structure of the tracks leads to the de- 
termination of the mass, charge, and energy of the particles. Further, a 
detailed analysis can be made of an extremely complicated event involving 
several particles. In other words, these tracks give one essentially a direct 
observation of phenomena which otherwise would remain purely con- 
ceptual. Without such observations, many hypotheses would have only 
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instead of finding their direct verification through observations of single 
events. 

Several comprehensive review articles have been written on nuclear- 
emulsion techniques. One of the most recent of these, by Goldschmidt- 
Clermont [1], has emphasized measurements on the tracks and processing 
techniques. Rotblat [2] has presented a very useful introduction to the 
basic techniques, along with much information on procedures and applica- 
tions. Powell and Occhialini [3] as well as Yagoda [4] have written books 
containing many microphotographs of nuclear tracks. Many applications 
to the field of meson physics have been reviewed by Powell [5]. Other re- 
views include those of Rossi [6], Fowler and Perkins [7], Beiser [8], Vigneron 
[9], and Shapiro [10]. 

Both nuclear emulsions and cloud chambers have the property of being 
able to record the paths of nuclear particles. Therefore these two detector 
types share the ability to determine in detail the nature of nuclear events. 
Each of these detectors possesses certain advantages over the other. The 
nuclear emulsions are superior to cloud chambers in the following respects: 

1. Stopping power. The stopping power in a nuclear emulsion is around 
a thousand times that in a cloud-chamber gas because of a similar difference 
in densities. This means that not only can larger portions of the paths of 
high-energy particles be recorded but also there exists a much higher prob- 
ability for initiation of nuclear events in the emulsion. These advantages 
can be exploited by the use of thick emulsions or by stacks of thinner emul- 
sions. 

2. Duration of sensitivity. The data recorded in a nuclear emulsion can 
be collected over a period of time approaching several weeks. During this 
period the detector is continually operative. The limitation of the exposure 
time comes from the fading of the latent image. On the other hand, a cloud 
chamber, whether it be the expansion or the diffusion type, can be operative 
only during the time the conditions in the chamber are proper for track 
formations and the camera is set for recording the picture of the track. In 
an expansion chamber this might be 149 sec for each expansion of the cham- 
ber, with the expansion occurring perhaps two times each minute. Al- 
though the sensitive time is greatly improved in the diffusion chamber, the 
operative time does not begin to approach that of the nuclear emulsions. 

3. Mechanical features. The nuclear emulsions are particularly ad- 
vantageous because of their light weight, small size, and ruggedness. 

On the other hand, the cloud chambers have certain advantages. These 
are as follows: 

1. Accuracy. The nuclear emulsion tends to shrink during development. 
Unless special precautions are taken to prevent it, the thickness may shrink 
to a value between 50 and 75 per cent of the predevelopment thickness. 
In addition, the composition of the emulsions varies from batch to batch, 
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leading to an uncertainty in the range-energy relationships. Since the cloud 
chambers are not subject to this type of difficulties, the accuracy of the 
measurements taken with these instruments is much higher. 

2. Use in a magnetic field. Cloud chambers are often operated in mag- 
netic fields so that a particle’s momentum can be determined from meas- 
urements of the radius of curvature of the track which it produces. This 
cannot be accomplished readily in nuclear emulsions because of the fre- 
quency of scattering of particles by constituents of the emulsion; some 
successful work of this type has been carried out, however [11-13]. 


8-2. Emulsion Types for Nuclear-track Applications 


Special nuclear emulsions have been developed for nuclear-track work 
since ordinary optical emulsions are not suitable. Tracks in the latter 
appear as widely separated, large grains, making it impossible to make ac- 
curate measurements of track lengths. In addition, the low sensitivity of 
these emulsions, coupled with a large background fog of individual grains, 
makes it impossible to observe tracks of low specific ionization. Nuclear 
emulsions have as much as four times the silver bromide content of optical 
emulsions. The grains are small, 0.1 to 0.6 u in size, and are well separated, 
in contrast to the larger interlocking grains in optical plates. 

A number of nuclear emulsions are available for nuclear-track work. 
Some of these films along with several of their characteristics are listed in 
Table 8-1. 

It appears that several ionizing events are necessary to make a grain 
developable. Consequently, for a particular type of particle in any given 
emulsion there may be a maximum particle energy above which the specific 
ionization is not large enough to cause tracks. These maximum energies 
are listed in Table 8-1 where they are applicable. In the event that the 
value of the critical specific ionization for the emulsion is less than that at 
the minimum in the specific-ionization curve of the particle, particles with 
all energies are detectable. 

The film sensitivities are controlled primarily through the use of sensi- 
tizers. In addition, the sensitivity of a given type of film can be varied 
within wide limits by the developing techniques [14,15]. 

Nuclear emulsions can be obtained from the manufacturers in a wide 
variety of sizes and shapes. These emulsions are produced regularly in 
thicknesses ranging from a few microns to 1,200 u. They may be obtained 
on a glass backing plate or without the backing. The latter, sometimes 
called ‘‘pellicules” or “stripped emulsions,”’ are very useful for stacking into 
a large sensitive volume. 

The composition of the emulsion is important, not only as it affects the 
sensitivity of the film but also as it determines the range-energy relation- 
ships of charged particles in the emulsions. In addition, it determines the 
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type of interactions which nuclear radiation undergoes in the film. Table 
8-2 gives the composition of Ilford G5 emulsion as well as its density and 
other properties. 

The addition of special materials to the emulsions makes possible the 
selection of particular nuclear reactions. As an example, the addition of 
B'° makes the emulsion a very efficient neutron detector, as is discussed in 
Chap. 9. 


TABLE 8-2. DaTa ON [LFoRD G5 Emutsions* 


Composition 
Concentration, Properties 

Element g/cm! 
SUVER 6 eed eee bas 1.82 Density............. 3.838 g/cm? 
Bromine.............. 1.34 Atoms/cm?.......... 8.0 < 10? 
TORING Scns pri ietenk 0.012 Mean A............. 29 
Carbon............... 0.277 Mean Z............. 13 
Hydrogen............. 0.053 Mean Z?............. 456 
Oxygen............... 0.25 
Sulfur................ 0.007 
Nitrogen............. 0.074 


* From Ilford Research Laboratories, Ilford, London, England. 


The choice of the emulsion type depends on the application to which the 
emulsion is made (see Sec. 8-6). The sensitivity of the film must be large 
enough to allow sufficient grain density for detection. On the other hand, 
if it is too sensitive, the grain density will be so high that the individual 
grains cannot be distinguished and grains cannot be counted. 

Further information on the commercial types of emulsions can be ob- 
tained from the manufacturers and from the literature referred to above. 


8-3. Processing and Examination of Nuclear-track Plates 


Special developing techniques have been worked out for use with nuclear 
emulsions. The necessity of the special methods arises because of the great 
thickness, the high silver content, and the sensitivity of the gelatin to dis- 
tortion. The review by Goldschmidt-Clermont [1] includes an excellent 
description of current techniques. 

Perhaps the simplest method to achieve even development of emulsions 
with moderate thickness is to choose a slow developer with a long induction 
time. It penetrates through the emulsion in a time appreciably less than 
the developing time itself. Standard X-ray film developer, such as D19, is 
suitable for thicknesses up to 100 u. This method can be extended to thick- 
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nesses of up to 400 u by further slowing down the developing action through 
reduction of the temperature to 4°C [16]. 

The most widely used method today is the temperature-development 
technique [17]. This method is based on the difference in the temperature 
coefficients of the diffusion and developing processes. It has been used 
successfully for development of emulsions having thicknesses up to 2,000 u. 
A developer is chosen whose chemical effects are more reduced at low tem- 
peratures than is its diffusion speed. Therefore the developer is allowed to 
diffuse evenly throughout the emulsion at about 5°C. Then the plate is 
taken out of the bath and allowed to heat up, for example, to 28°C, at which 
temperature the development takes place. Table 8-3 is a typical develop- 
ment schedule for a 600-y plate. 

The selection of a developer in this technique is very important. Amidol 
(2,4-diaminophenol hydrochloride) is one of the most satisfactory types [1]. 


TABLE 8-3. EXAMPLE OF TEMPERATURE-DEVELOPMENT SCHEDULE®* 


Operation | Bath Pemnperatiire; = Time 


Development: | 
Preliminary soaking.......' Distilled water Cooling to 5 120 min 
Cold stage............... Boric acid-amidolf 5 120 min 
Warm stage: 
Slow heating........... Dryt 5-28 5 min 
Development...........: Dry 28 60 min 
Slow cooling............| Dry 28-5 5 min 
Stop bath................| Acetic acid, 0.2% 5-14 120 min 
Silver-deposit cleaning § 
After development: ! 
Washing................. _ Running water 14 120 min 
PIS 3 205 ho ote s4.33 Hypo, 40%] Cooling to5 ;, Until clear 
Slow dilution............. Water] 5 100 hr 
Glycerine bath............| Glycerine, 2% 5 to ambient 120 min 


DRYING e324, tessa tte. Gb awawwee tees 20 7 days 


*From Y. Goldschmidt-Clermont, Ann. Rev. Nuclear Sci., 3:141 (1953). 

¢ Composition given in Y. Goldschmidt-Clermont, Table II, Ann. Rev. Nuclear Sci., 
3:141 (1953). 

t Wipe the plate surface with a soft tissue. 

§ Remove the silver deposited on the surface with a soft tissue. 

q Add sodium sulfate in increasing concentration up to 10 per cent if swelling is ex- 
cessive. 


The shrinkage of the emulsion which accompanies the development places 
a serious limitation on the accuracy of measurements made by nuclear- 
emulsion techniques. Substantial control of this shrinking has been at- 
tained [18] by soaking in glycerine, thus filling the voids which are left by 
the removal of the unsensitized silver halides. 
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In order that accurate results may be obtained and that the observer may 
be relieved from optical strain, it is important that proper optical equipment 
be available. This has been emphasized by Powell [19]. The requirements 
for the optical equipment, along with descriptions of several systems which 
have been used, are covered by Rotblat [2] and Goldschmidt-Clermont [1]. 
The chief instrument is an ordinary microscope with an individual as an 
observer. A binocular microscope with inclined eyepieces is recommended 
for the comfort of the observer. Requirements for the microscope include 
small depth of focus, large working distance, precise vertical movement 
with an accurate scale for depth measurements, precise motion of the me- 
chanical stage with an accurate position indicator, a protractor for angle 
measurement, and eyepiece scales. 

In regard to the mechanical construction of the microscopes, it appears 
that the domain of the nuclear-emulsion technique starts just about where 
the technique in medicine and biology stops. However, special models for 
the nuclear-emulsion technique have been made by Cooke, Troughton, and 
Simms in England; Koristka in Italy; Leitz in Germany; and Bausch and 
Lomb in the United States. Microscope objectives which meet the optical 
requirements for a nuclear-emulsion microscope include the following: 
Cooke (magnification 45, numerical aperture 0.95, working distance 
1.5 mm); Leitz (X53, n.a. 0.95, w.d. 1 mm); Koristka (55, w.a. 0.95, w.d. 
1.35 mm); and others. These objectives are useful for the detailed study of 
selected events. 

For scanning of plates while looking for large events or for counting 
tracks produced by particles with high specific ionizations, lower magnifica- 
tion can be used. Nevertheless, oil-immersion lenses are desirable since 
they help to minimize difficulty arising because the surfaces of the emulsions 
are not perfectly smooth. Oil-immersion lenses such as the Leitz (X22, n.a. 
0.65, w.d. 2.3 mm) meet this need. 

When photomicrographs of the tracks are required at high magnifications, 
it 18 necessary to take a series of photographs at consecutive sections along 
the track and fit these together in a mosaic. Morrison and Pickup [20] have 
described a useful method of taking these photomicrographs. 


8-4. Range-Energy Relationships in Emulsions 


Commonly the energy of a particle is measured by the determination of 
its range in the emulsion. For this determination it is necessary that the 
entire path of the particle be within the emulsion and that the identity of 
the particle be known. 

A considerable amount of work, both theoretical and experimental, has 
been devoted to the establishment of precise range-energy relationships for 
various types of nuclear emulsions [21-24]. As an example, Fig. 8-1 is a 
set of range-energy curves for various particles in the Ilford C2 emulsion. 
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Other similar curves are available from the suppliers of the emulsions. 

Changes in the emulsion composition, for example, in the water content, 
affect range measurement. For accurate measurements it is common prac- 
tice to calibrate the emulsion under the conditions of exposure and develop- 
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Fic. 8-1. Range-energy relationships for various particles in the 
Ilford C2 emulsion. [Data from L. Vigneron, J. phys. radium, 14:145 
(1953); reprinted from Y. Goldschmidt-Clermont, Ann. Rev. Nuclear 
Sci., 3:141(1953).] 


ment to be employed in the experiment. This can be done by using particles 
of known range. 

In the absence of the range-energy curves for a variety of particles, the 
relationships of the type given by Eqs. (1-5) and (1-6) can be used to com- 
plete the curves, provided that a curve for another particle type is available. 
The factor C in Eq. (1-6) is approximately 1.5 » for emulsions. 
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8-5. Energy Loss and Grain Counting 


Only a small fraction of the energy lost by a charged particle while passing 
through an emulsion is used in the production of latent images that can be 
brought out during development. Nevertheless, within limits, depending 
on the type of emulsion and the nature and degree of the development, the 
number of developed grains per unit path length dN/dz is a function of the 
rate of energy loss dE/dx. Thus one can write 


dN dE 
az ) Cl) 
However, at the two extremes of the specific ionization, limiting cases are 
reached. For sufficiently low specific ionization, the grains will not develop, 
and no tracks appear. On the other hand, for sufficiently high specific 
ionization, all grains along the path of the particle are developable, and the 
grain density reaches a saturation value, independent of the particle energy. 
A typical maximum density is 2 grains/p for commercial emulsions. Figure 
8-2 shows the grain density versus rate of energy loss for underdeveloped 
Eastman Kodak NTA [25, 26] and for Ilford G5 [27] emulsions. 
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Fic. 8-2. Grain density versus rate of energy loss in under- 
developed Eastman Kodak NTA (curve B) [from H. L. 
Bradt and B. Peters, Phys. Rev., 80:943 (1950)] and Ilford 
G5 (curve A) [from P. H. Fowler, Phil. Mag., 41:169 (1950)] 
emulsions. 


The masses of particles can be compared through the use of grain-density 
measurements along with total grain count or range measurements. These 
relationships are particularly useful when the charges of the particles are 
the same, e.g., in the case of singly charged particles. By means of Eys. 
(1-1) and (8-1), one can write 
an = fi(v) (8-2) 


x 
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where v is the particle velocity; 1.e., 
the grain density is dependent only 
on the particle’s velocity. This is il- 
lustrated in Fig. 8-3 where the rela- 
tive grain density in an emulsion is 
plotted as a function of energy in 
rest-mass units, the latter quantity 
being a function of velocity only. 
From Eqs. (1-5) and (8-2), one 


Ratio to minimum 





{ 10 100 1000 ‘ 
Energy, rest mass units can write 
Fic. 8-3. Predicted relative grain density dN R 
in silver bromide as a function of particle dx = filv) = fe (Z) (8-3) 
energy. [From M. M. Shapiro and B. Stel- 
ler, Phys. Rev., 87 :682 (1952).] where F is the residual range of the 


particle and M is its mass. Thus, if 
on two tracks made by particles A and B one finds points where the track 
densities are equal, that is, (dN /dx)4 = (dN /dx)sz, then 


Ra _ Re 

Ms, Maz 
where R, and Rz are the residual ranges of A and B, respectively, from the 
points of equal grain density. Consequently, if the mass of one particle is 
known and the residual range of both are measured, the mass of the un- 
known particle can be calculated. 


(8-4) 


Example 8-1. Figure 8—4 is a plot of grain density versus residual range for protons 
and » mesons on Ilford C2 plates. Use these data to determine the ratio of the proton 
to y-meson masses. 

Solution. By Eq. (8-4), the ratio of the residual ranges at equal grain densities is 
R,/Ru = M,/My. From Fig. 8-4 this ratio is seen to be 1:55/0.18 = 8.6 and 3.5/0.38 = 
9.2 at grain densities of 18 and 16, respectively. The average of these two values is 8.9, 
comparing favorably with the accepted value of 8.8. 


The total grain count N can be related to the mass M in the following 
manner. Rewriting Eq. (8-3), 


dN dN d(N/M) _ 5( 2) 
ee (ae 
M 


dx dR d(R/M) 
Integrating, one obtains 
N R 
M (5) 


where N is the total number of grains in that portion of the track having a 
residual range of R. Consequently, at a given velocity or grain density, 
N/M is a constant, and 

N A N B 


M, 7 M. 2) 
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In the study of the tracks of heavy, multicharged particles, ordinarily 
grain counting is not feasible because of the high density of the tracks. Two 
other methods have been developed for this purpose. The first method is 
the counting of 5 rays, i.e., the secondary electrons ejected from the atoms 
as the heavy charged particles pass them. This method has been discussed 
by Bradt and Peters (25, 26]. They have pointed out that the number of 5 
rays, with energies lying between certain limits, produced per unit path 
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Fic. 8-4. Grain density versus residual range for protons and 36 mesons, in Ilford C2 
plates. [From R. Brown et al., Nature, 163:82 (1949).] 


length is given by N; = Kz?/8?, where z is the particle charge, 8 is v/c, and K 
is a constant. When this relationship is used, curves can be drawn of N; 
versus residual range # for various values of z. From these curves, values 
of z can be determined from the 6-ray counts. 

The second method for studying heavy particles is based on the observa- 
tion of the thinning down of the track near the end of its range. The ioniza- 
tion along tracks of multiple charged particles shows a characteristic taper 
corresponding to a gradual loss of charge by electron capture [28]. 

As a charged particle passes through an emulsion, it suffers numerous 
small-angle deflections as a result of Coulomb interaction at collisions with 
nuclei. The theory of small-angle scattering has been given by Williams 
[29]. Numerous comparisons of theory and experiment have been made. 
These have been reviewed by Berger [30] and by Gottstein et al. [31]. 


8-6. Applications of Nuclear Emulsions 


It is to be expected that nuclear emulsions, with their property for obtain- 
ing permanent records of the details of nuclear events, coupled with their 
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extreme simplicity, would have found many important applications. That 
this is indeed the case is borne out by an examination of the literature for 
the past 10 years. The reviews referred to in Sec. 8-1 are convenient for 
this purpose. A few of the applications are mentioned below. 

Nuclear emulsions are widely used in autoradiography. In this technique 
the elements under study are tagged with radioisotopes. The positions of 
these radioisotopes in the systems under investigation are indicated by 
tracks in nuclear emulsions placed in contact with the system. This tech- 
nique has found applications in botany, biology, crystallography, and 
metallurgy. Radioisotopes emitting both alpha and beta particles can be 
employed. 

Often scattering experiments are carried out by using emulsions. Fur- 
ther, nuclear-scattering cameras in which the number, nature, and angular 
orientation of particles are recorded in nuclear emulsions are important 
tools in the study of induced nuclear reactions. 

Emulsions have been used for measuring the activity of alpha emitters 
with very long half-lives. The long period of sensitivity is the important 
factor for this application. Through this technique, nuclides thought pre- 
viously to be stable have been identified as alpha emitters. 

Many applications have been found in cosmic-ray research. The small 
size and the long period of sensitivity of nuclear emulsions make them 
readily adaptable to balloon flights. In addition, the detail registered con- 
cerning the particles, making possible their identification, is particularly 
advantageous in a situation in which as large a number of particle types are 
involved as in cosmic radiations. 

The nuclear stars (or nuclear evaporations) produced by both cosmic 
rays and radiation from high-energy particle accelerators are studied largely 
by nuclear emulsions. These events occur when a nucleus in the emulsion 
reccives such intense excitation that a number of its elementary particles 
gain sufficient energy to penetrate the potential barrier. The energy for the 
evaporations comes from the mass conversion of the captured particles. 

One particularly active use of emulsions is in the study of mesons. Most 
of the determinations of the mass and of the decay schemes of mesons have 
been made in this manner. 

Numerous applications of nuclear emulsions to neutron measurements 
have been made. Some of these are discussed in Chap. 9. 


8-7. Photographic Films as Dosimeters 


Photographic film is in wide use for monitoring personnel for the radia- 
tion dose due to X, y, and 6 radiation [32]. This is accomplished through 
calibration procedures which relate the density of the photographic deposit 
in the film to the dose of radiation received by it. 

Photographic films lend themselves to dosage determinations over a large 
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range of dosage rates. The response to X and gamma radiation is independ- 
ent of rate for intensity ratios of at least 1 to 10,000 [33]. By selection of 
films of different sensitivities, film dosimeters covering a wide range of doses 
can be devised. For example, Du Pont 502 film can be used from about 
100 mr to 10 r, while the Eastman spectroscopic film 548-0 double-coat is 
suitable from 500 to 10,000 r [33]. 

The response of photographic film varies with the X- and gamma-ray 
energy; in particular, it rises as the photon energy decreases below about 
150 kev. By a suitable selection of absorbers, so chosen that their absorp- 
tion versus energy response matches the film density-energy characteristic, 
the film dosimeter can be made essentially energy-independent. For ex- 
ample, a filter composed of 1.49 mm of tin and 0.25 mm of lead matches the 
Eastman 548-0 double-coat film [33]. 

The application of photographic film to the dosimetry of beta rays has 
been studied by Dudley [34]. He concludes that, if proper reliance is placed 
on calibration, accurate results can be achieved. 

The measurement of thermal-neutron dosage by photographic film has 
been studied by Kalil [35]. This may be accomplished through the com- 
parison of the film densities under cadmium and brass filters. These filters 
are chosen so that both attenuate the gamma radiation by the same amount. 
However, because of the (n,y) reactions induced in the cadmium by the 
thermal neutrons, the film exposure produced behind the cadmium is higher 
than that behind the brass when thermal neutrons are present. Differential 
density measurements are calibrated in terms of thermal-neutron exposure. 

The photographic film can be worn as a badge or in the form of a finger 
ring. The badge form is shown in Fig. 8-5. Ordinarily it contains two or 
more pieces of film of different sensitivities so that different ranges of 
gamma dosage can be measured simultaneously. The films are usually 
about 14% by 2 in. They are wrapped in a thin, light-tight paper and 
placed in a frame, along with the necessary filters (usually about 1 mm of 
cadmium) to improve the energy response, to discriminate between betas 
and hard gammas and between thermal and fast neutrons, as required. The 
filters cover only portions of the film so that ‘‘windows,”’ or openings, exist 
through which the various types of radiations can pass. 

The opacity of the different portions of the film after development allows 
the dose due to the various types of radiation to be estimated. For practical 
purposes, each type of film requires its own calibration curve. 

As an alternative method for the measurement of neutron dosage, track 
counts may be made in a nuclear emulsion such as Eastman Kodak NTA. 
The fast neutrons produce tracks through the scattered protons with which 
they share their energy, while the slow neutrons interact with the emulsion 
by the reaction N'4(n,p)C™“. The tracks are counted under a microscope 
after the development of the film, and the number of tracks per unit area Is 
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vicinity. It is the latter phenomenon which causes the track of charged 
particles to appear as vapor trails in cloud chambers. 

There are two forms of cloud chambers, namely, the expansion type and 
the diffusion type. They are distinguished by the methods employed for 
obtaining a supersaturated region. These systems are illustrated schemati- 
cally in Figs. 8-6 and 8-7. 

The expansion cloud chamber and its applications are described in a book 
by J. G. Wilson [36] and the article by Das Gupta and Ghosh [37]. In this 
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Fic. 8-6. Expansion cloud chamber. 


type of chamber, a gas containing a condensable vapor is allowed to come to 
equilibrium, with sufficient liquid present to produce saturation. After the 
equilibrium is reached, an adiabatic expansion which causes supersaturation 
is produced. Following the expansion, heat flows slowly into the chamber, 
raising the temperature and decreasing the degree of supersaturation. The 
sensitive time, i.e., the time during which conditions are right for track 
formation, varies from a few milliseconds to 2 or 3 sec, depending on the 
particular design. 

The theory of the diffusion cloud chamber has been summarized by 
Snowden [38] in his general review article. This type of chamber operates 
by the diffusion of a condensable vapor from a warm region where it is not 
saturated to a cold region where it becomes supersaturated. Most cham- 
bers in current use are arranged for downward diffusion. The vapor is in- 
troduced at the top, this being the warm end. The location and extent of 
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the supersaturated region depend on the geometrical design and tempera- 
ture differences in the chamber. 

A number of combinations of gas and vapors have been found to function 
satisfactorily. In a diffusion-type chamber, methyl and ethyl alcohol 
vapors appear to be the most successful. Air is satisfactory for the gas 
from 20 cm to 4 atm, and hydrogen from 10 to 20 atm [39]. In expansion 
cloud chambers, air with water and argon with alcohol are in common use. 
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Fic. 8-7. Diffusion cloud chamber. 


In each chamber type it is necessary to apply electric fields to remove 
unwanted ions. Fields of the order of 20 to 50 volts/cm are adequate. 
Any ambient ionizing radiation such as cosmic rays continually produces 
ions in the chamber. If those ions produced above the sensitive region in 
the diffusion chamber are not removed before they reach the sensitive 
region, the ion density may become high enough to remove the super- 
saturated condition and thus prevent the appearance of the tracks. In an 
expansion chamber these unwanted ions produce a general background of 
fog. The usual practice is to remove the field immediately before the 
expansion in an expansion chamber and immediately before the opening 
of the shutter of the camera in a diffusion chamber. 

Cloud chambers are usually operated at atmospheric pressure. However, 
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in certain applications it is advantageous to use a considerably higher or 
lower pressure. For low-energy particles whose range would be too short 
at atmospheric pressure, reduced pressures can be used. Joliot [40] has 
described a chamber which he operated at various pressures down to 10 
mm Hg. High-pressure chambers can be employed to study a larger portion 
of the range of high-energy particles than would be possible with atmos- 
pheric pressure. Johnson et al. [41] have described a chamber designed to 
operate up to 200 atm. When filled with argon, this instrument has a 
stopping power equivalent to 1 cm of lead. 


8-9. Comparison of Expansion- and Diffusion-type Cloud Chambers 


In a recent article, Fretter [42] has reviewed the developments that have 
been made in cloud-chamber and bubble-chamber (see Sec. 8—10) techniques 
since 1951. This period has seen the development of both the diffusion 
cloud chamber and the bubble chamber into important methods of nuclear- 
particle detection. 

It is clear from Figs. 8-6 and 8-7 that the diffusion chamber is simpler 
than the expansion chamber from the standpoint of mechanical features 
because of the absence of moving parts. Also, it follows as a result of the 
different principles of operation that the fraction of the total time useful 
for observing tracks is much larger for the diffusion- than for the expansion- 
type chamber. 

Since the diffusion cloud chamber is continually sensitive, it cannot be 
operated in a background much above the normal cosmic-ray level. The 
presence of a high background reduces the amount of vapor present for 
recording the event of interest. However, if the background is pulsed 
along with the phenomena of interest, it produces no limitations on the 
method. Expansion cloud chambers are not affected adversely by either 
continuous or pulsed background. 

The sensitive region in a diffusion chamber does not extend immediately 
adjacent to surfaces placed in it, since the surfaces disturb the diffusion 
currents passing them. A similar situation does not exist in the expansion 
cloud chamber. Consequently, those experiments requiring the placement 
of objects in the sensitive region can be carried out more satisfactorily in 
the latter-type chamber. Experiments of this type include the use of 
absorbers to control the energy of the radiation and the use of radiators 
such as lead to induce nuclear interactions. In the way of a further limi- 
tation, the sensitive layer in a diffusion chamber is no more than 3 in. 
thick and cannot be made vertical to detect cosmic rays. 

The diffusion cloud chamber (also the bubble chamber) can be operated 
with fillings of hydrogen at relatively high density, whereas it is incon- 
venient to use an expansion chamber at a high pressure of hydrogen. The 
high-pressure-hydrogen chambers have made possible experiments such as 
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those performed by the Brookhaven group concerning meson production 
in (n,p) collisions [43]. 

At the present time the largest portion of serious cloud-chamber work 
employs the expansion type. This would appear to be because of the 
larger experience in the design of this chamber type rather than an over- 
whelming superiority over the diffusion chamber. 


8-10. Bubble Chambers 


The bubble chamber is an additional nuclear-particle detector which 
produces visible particle tracks. It shares with nuclear emulsions the 
advantages of a high density. It has the further advantage that its sen- 
sitive volume can be filled with a hydrogen-rich medium in contrast to the 
complex nuclear structure of the silver and bromine in nuclear emulsions. 

The bubble chamber has been developed as a result of a systematic set 
of experiments carried out by Glaser [44-46]. This work has been reviewed 
by Fretter [42]. 

The bubble chamber utilizes the instability of superheated liquids 
against bubble formation. Glaser was able to demonstrate that the ions 
formed by the passage of ionizing particles through a superheated liquid 
could create condensation nuclei for the formation of bubbles. 

Liquid hydrogen and diethyl ether are the liquids which are used in 
two successful types of bubble chambers. The former is maintained as a 
liquid at a temperature just above the boiling temperature for atmospheric 
pressure by pressurization to a few atmospheres, while the diethyl ether is 
kept from boiling by operation at 350 lb/in? and 157°C. In each case the 
superheated condition is achieved by a sudden release of the pressure. 

The tracks of the particles are photographed by means of a high-speed 
flash light which occurs Just a few milliseconds after the creation of the 
superheated condition. In fact, for the diethyl ether the chamber remains 
sensitive for only about 10 msec after the expansion; this makes possible 
much better time resolution than can be achieved with any other type of 
device for recording particle tracks. 

The bubble chamber promises to be very useful with high-energy particle 
accelerators where large stopping powers are desirable, particularly for 
experiments in which the presence of hydrogen nuclei is desirable. 


Example 8-2. Estimate the dimensions of a high-pressure (10-atm) hydrogen-filled 
cloud chamber with the same total stopping power as a 6-in. bubble chamber. 

Solution. Taking the dimensions as inversely proportional to the density of the media, 
one has for D, the dimension of the cloud chamber, the expression 


6Pn.¢. 6 X 0.07 
D= Poe = 4.7 X 10-¢ = 894 In. 
where 0.07 g/cm? and 4.7 X 10-4 g/cm? are the densities of liquid hydrogen and gaseous 


hydrogen at 10 atm, respectively. 
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CRYSTAL COUNTERS 
8-11. Mechanism of the Crystal Counter 


In 1945 Van Heerden published a thesis [47] describing the use of single 
crystals of silver chloride for the detection of nuclear particles. Other 
crystals which have been used with varying degrees of success by subse- 
quent investigators include diamond, cadmium sulfide, silver bromide, 
thallium bromide, thallium iodide, sulfur, sodium chloride, and zinc sulfide. 
A detailed review of crystal counters has been written by Hofstadter [48]. 

A crystal counter consists of a small crystal in the form of a rectangular 
parallelepiped. Two opposite parallel faces are coated with electrodes. 
The detector is used in a circuit similar to that for a pulse ionization 
chamber, with the applied voltage being several hundred volts. 

In the absence of ionizing radiation, no current flows in the external 
circuit, since the crystals are insulators. However, when charged particles 
pass through the crystals, electrons are raised to the conduction band, 
leaving behind “‘positive holes” in the valence band. The presence of the 
electric field causes the electrons and holes to drift toward the positive and 
negative electrodes, respectively. As a result, charge is induced in the 
external circuit, and the particle detection is made possible. 

The fate of the freed electrons and holes can be (1) to reach the electrodes, 
(2) to recombine with other holes and electrons after wandering for some 
distance, or (3) to reach trapping states situated throughout the crystal 
lattice. The trapping of the charges is undesirable, since it results in a 
space charge which reduces the electric field. Continued bombardment can 
result in the reduction of the field to a very low value. 

The crystal counter can be considered analogous to the gas ionization 
chamber with the gas dielectric being replaced by a solid. However, the 
space charge which occurs in the crystal has no analogy in the gas ionization 
chamber. 


8-12. Status of the Crystal Counter 


The status of crystal counters has been summarized by Chynoweth [49]. 
Potentially, these detectors have a number of useful properties. These 
include (1) high stopping power, making possible detection of high-energy 
particles by small-volume detectors; (2) proportionality between absorbed 
particle energy and pulse height; (3) fast rise time of pulses, making possible 
high counting rates; and (4) absence of “window” such as that necessary in 
a gas chamber. On the other hand, these detectors have disadvantages. 
The most serious of these is the formation of the space charge in the crystal. 
Other disadvantages include the requirement for cooling below room 
temperature and variations in the counting efficiency from crystal to 
crystal. 
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Fortunately all the advantages held by the crystal counter are shared by 
the scintillation counter. Consequently the latter has become a very 
Important detector (see Chap. 7), while the former has found but little 
use. The development of crystals having several orders of magnitude 
lower trap density is required to alter this situation significantly. 

The successful application of single crystals of germanium to fast-neutron 
dosimetry has been described by Cassen [50]. His dosimeter consisted of a 
wafer of intrinsic germanium 4 mm long, 2 mm wide, and 0.75 mm thick. 
Short lengths of copper wire were soldered to the crystal ends, and the unit 
was encapsulated in plastic. This type of dosimeter has proved particularly 
useful for the measurement of neutron dose in animals. 

The change in the electrical conductivity of the germanium is a function 
of the integrated neutron dose. This change is explained in the following 
manner. The fast neutrons produce germanium-atom recoils which dis- 
lodge neighboring germanium atoms from their normal lattice sites, causing 
lattice defects which act as electron traps. The holes in the normally filled 
Fermi band act as positive carriers, giving the crystal additional conduc- 
tivity. At ordinary temperature this increase in conductivity is masked 
by the normal conductivity produced by electrons. Thus for maximum 
sensitivity the germanium resistance must be measured before and after 
the irradiation at a reduced temperature, usually that of solid carbon 
dioxide. 

The change in conductivity was found to be a linear function of dose 
from about 150 rep up to tens of thousands of rep. Linearity could be 
obtained at lower doses by sufficient preexposure of the crystals. 


PARTICLE COUNTING BY CERENKOV RADIATION 
8-13. Production of Cerenkov Radiation 


During the early days of the studies of the effects of nuclear radiation, 
there were several reports of weak glowing in the vicinity of strong radio- 
active sources. The first detailed study of this phenomenon was made by 
Cerenkov [51] in 1934; it has subsequently come to be known as the 
Cerenkov effect or, alternatively, as Cerenkov radiation. 

A theoretical explanation for Cerenkov radiation, based on classical 
electromagnetic theory and optics, has been presented by Frank and Tamm 
[52]. Their theory includes equations for the intensity of the light, the 
angular correlation with the direction of the exciting radiation, the polari- 
zation, and the spectral characteristics. A presentation of a portion of 
this theory due to Jelley [53] follows. 

A charged particle of high energy passes through a dielectric and produces 
local polarization along its path. This is illustrated in Fig. 8-8. Immedi- 
ately after the passage of the charged particle, the polarized molecules 
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return to their quiescent states with 
the emission of light. When the ve- 
locity of the particle is slower than 
that of light in the medium, the light 
pulses from the individual mole- 
cules interfere destructively and are 
damped out. On the other hand, if 
the velocity of the charged particle 
is greater than that of light in the 
dielectric, the wavelets from the in- 
dividual molecules reinforce each 
other by constructive interference. 
The resulting pulse of light produced 
by the passage of the charged parti- 
cle through the dielectric is known 
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Fic. 8-8. Initial stages in the production 
of Cerenkov radiation. 


as Cerenkov radiation. Thus, for the production of Cerenkov radiation in 
a medium of index of refraction n, the velocity v of the charged particle 
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Fic. 8-9. Constructive interference in the 
production of Cerenkov radiation. 


must be greater than that of light 
in the medium; that is, 
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(8-6) 


where c is the velocity of light in a 
vacuum, or 2.99793 X 10!° cm/scc, 
and B is v/c. 

The production of constructive 
interference is illustrated in Fig. 8-9. 
The wavelets of light which are sent 
out while the particle moves from A 
to B are seen to produce a wave- 
front BC. The condition for con- 
structive interference is that the 
time for the light to travel the dis- 
tance AC be equal to the time re- 
quired for the particle to travel from 
Ato B. That is, 


deos@ d 1 
7—- =— or cosé= 
c/n v Bn 


(8-7) 





Here it is assumed that the particle 


velocity remains constant while moving from A to B. 
Figure 8-9 shows the wavefront in one half of one plane only. In the 
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spatial situation it is seen that the light is emitted in a conical shell of 
half angle 6 extending all around the axis of the particle path. 

A derived practical formula, obtained from the work of Frank and Tamm, 
gives for J, the number of photons radiated per centimeter of path in the 
frequency interval Av, the value 


_ 4ne? _ 1 \_ 2rdv . , ui 
[= et Ap ¢ a) = 797, sin 6 (8-8) 


The visible spectrum covers a frequency interval of about 3 K 10" cycles/ 
sec. Using this value for Av yields a value of 450 sin? 6 photons per centi- 
meter of path for J. 

The Cerenkov effect is analogous to two mechanical phenomena: (1) 
the bow wave from a ship which is moving faster than the velocity of 
surface waves and (2) the shock wave produced in air when a projectile 
passes through it at a supersonic velocity. 


TaBLE 8-4. THRESHOLD ENERGY, DIRECTION OF PROPAGATION, AND INTENSITY OF 
Puotons DvE TO CERENKOV RADIATION IN LUCITE 





100-Mev particles 500-Mev particles 
Threshold 
Particle energy, I I 
Mev 6, deg visible 6, deg visible 
range, range, 
photons/cm photons/cm 

Electrons.......... 0.173 48 250 48 250 
mw mesons.......... 49 31 120 46 232 
Protons........... 320 Below ae 29 106 


threshold 


The preceding equations have been used to compute the quantities 
tabulated in Table 8-4. The threshold energy refers to the energy below 
which Cerenkov radiation does not appear. The angle 6 is the half angle of 
the cone of radiation, and J is the number of photons in the visible band 
per centimeter of path. 


8-14. Considerations Involved in the Applications of Cerenkov Detectors 


If nuclear radiation of sufficient intensity is available, a photographic 
method may be employed to record the Cerenkov radiation. Such a system 
has been used by Mather [54] for the precise measurement of the proton © 
energy produced by the 184-in. Berkeley cyclotron. In this measurement 
a photographic film was used in conjunction with the appropriate optical 
system to measure the angle 8. The particle energy was computed from 
Eq. (8-7). 
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Most applications of Cerenkov radiation to the study of nuclear radiation 
involve the detection of single particles. In these equipments photo- 
multiplier tubes are used to detect the light which is produced in the 
radiator. The term radiator refers to the medium in which the Cerenkov 
radiation is produced. In this respect, the arrangement is the same as in 
scintillation detectors. In principle, the two detector systems differ only 
in the replacement of the scintillator by the radiator. The radiators have 
the advantage that the light pulses are shorter, of the order of 10—!° sec, 
and that there is no phosphorescent glow, as occurs sometimes in scintil- 
lators. The radiators have the serious disadvantage, compared with the 
scintillators, of a low light output. For example, an electron traveling 
near the speed of light in lucite produces 250 photons of visible light per 
centimeter of path. If all these photons are collected at the photocathode 
and conversion efficiency to photoelectrons is of the order of 0.1 (see Chap. 
7), then only about 25 electrons are produced, on an average. As discussed _ 
in Sec. 7-24, it would be difficult to discriminate between these pulses and 
the photomultiplier-tube noise. The discrimination is made easier by the 
use of a longer particle path, say of several centimeters, in the radiator. 
Another way in which the discrimination can be effected is to require fast 
coincidence between two phototubes viewing the same radiator or between 
two phototubes viewing two radiators through which a common particle 
passes. 

In the choice of a radiator material, the index of refraction is an important 
consideration. From the standpoint of maximum light intensity, n should 
be as high as possible. On the other hand, the requirement to discriminate 
_ between particle types through adjusting the threshold energy by means of 
n may call for a low value of n. High angular discrimination, as required 
in precision velocity measurements, requires a radiator with a small 
dependence of n on optical wavelength. Further, the material should have 
a low density and low atomic number in order that the rate of energy loss 
and the scattering be as small as possible when angle determinations are to 
be made. In addition, the radiator should have good transparency in the 
band to which the phototubes respond. 

Lucite has proved to be the most gencrally useful radiator material. 
Its index of refraction is relatively high, being 1.5; its optical dispersion is 
somewhat less than most glasses; its transparency is good; and its density 
and effective atomic number are low. Water has also proved to be a useful 
radiator material. 

One of the most important factors in the application of Cerenkov radi- 
ation to nuclear-particle detection is the dependence of the angle of travel 
of the radiation on the particle velocity, as given by Eq. (8-7). Not only 
does this make possible the determination of the velocity but also the 
discrimination between particles of differing velocities. It should be 
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stressed, however, that, for any given particle type, velocity discrimination 
by means of angular determination is possible over only a limited range of 
energies. The lower limit occurs at the threshold energy for the Cerenkov 
effect, while the upper limit occurs when the relativistic mass increase 
causes the particle velocity to be insensitive to energy. 

Another important feature of the Cerenkov detector is the ease of 
construction of the radiator. Further, the material is economical because 
the requirements on purity are quite moderate. 


8-15. Applications of Cerenkov Detectors 


Cerenkov counting can be used with high efficiency only for quite ener- 
getic particles. In the first place, the particle must be moving faster than 
light in the dielectric in order to radiate. Further, it must be capable of 

moving a considerable distance to ir- 
— radiate sufficient photons for efficient 
detection. Consequently, the applica- 
tion of Cerenkov counters is limited to 
experiments with either cosmic rays or 
high-energy particle accelerators. 
. In the field of cosmic radiation, the 
Lucite applications are limited, since most of 
the particles have very high energy and 
therefore values of 8 approximately 
equal to 1. Consequently, these par- 
ticles all produce the same radiation 
in the radiator. Nevertheless, interest- 
ing applications have been developed. 

Winckler [55] has made use of the 
directional properties of the Cerenkov 
radiation to measure the ratio of the 
upward to downward components of 
cosmic radiation traveling in and out 
of the atmosphere. Figure 8-10 is a 
schematic diagram of this apparatus. 
Fic. 8-10. Detector to study upward ee ee alain ace 
saa: . tor channels: the photomultiplier tube 
and downward components of cosmic ; ae 
rays. [From J.R. Winckler, Phys. Rev, Operating by Cerenkov radiation and 
85 :1054 (1952).] the upper and lower pairs of Geiger 

tubes, respectively. Particles passing 
downward are detected by all three channels and produce triple coin- 
cidences. Particles traveling upward produce no signal in the photo- 
multiplier tube since the light is trapped at the top of the lucite; therefore 
upward particles produce double coincidences only. 





Photomultiplier 
tube 
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Applications of Cerenkov detectors to experiments with a 450-Mev 
cyclotron have been described by Marshall [56]. The counters used can be 
classified either as focusing or nonfocusing types. Figure 8-11 is an 
example of a focusing type. The radiator consists of a lucite cylinder 








Lucite 

hemisphere 
Lucite Movable 
cylinder diaphragm 

Incident Y 

—_} 

Porticles Movable 
photomultiplier 
fube 

Lucife 
C yl inder “SS, 
w~ 
O=35° 


Fic. 8-11. Cerenkov detector having focusing property. [From 
J. Marshall, Phys. Rev., 86: 685 (1952).] 


End-window type 
photomultiplier tube 


light scattering 


Fia. 8-12. Nonfocusing-type Cerenkov detector. [From J. Mar- 
shall, Phys. Rev., 86: 685 (1952).] 


coupled to a lucite hemisphere. The system is such that radiation produced 
at a given angle @ is focused to a point, regardless of its point of origin in 
the radiator. This situation is illustrated for 6 = 40° and 6 = 35°. By 
moving the diaphragm and the photomultiplier along the axis of the 
system, it is possible to select various values of 8. 
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Figure 8-12 shows a nonfocusing-type Cerenkov counter. It is composed 
of an end-window-type photomultiplier tube in direct optical contact with 
the water. The walls are coated with a waterproof MgCQO; powder to 
produce diffuse reflection. 

Marshall has used these detectors satisfactorily in several fields; these 
include counting of electrons, protons, and x mesons and the counting of 
high-energy electrons to the exclusion of protons and neutrons. In addition, 
by use of the focusing-type detector, the velocity of « mesons has been 
determined. The velocity measurements are possible since the value of 
6 is in a convenient range for velocity discrimination. 

Hildebrand [57] has reported the use of a type 5819 photomultiplier tube 
with a water radiator to count 145-Mev x mesons. He has found that this 
process is 100 per cent efficient. 


ELECTRON MULTIPLIERS 
8-16. Use of Electron Multiplier for Nuclear-particle Counting 


The electron-multiplier principle plays a central role in two detector 
systems which have been discussed already, i.e., the scintillation counter 
and the Cerenkov counter. However, in each of these detectors the nuclear 
particles produce light as an intermediate step in the process. The light 
causes the emission of the photoelectrons, and the electron-multiplier 
section of the photomultiplier tube multiplies the number of electrons to a 
pulse which is sufficiently large for measurement. 

The electron multiplier can be used for particle detection without the 
inclusion of the intermediate steps. In such a system the multiplication 
process is used for increasing the charge of the primary nuclear particle to 
an amount sufficiently large for counting. 

Allen [58] has applied the electron-multiplier particle counter to a mass 
spectrograph for counting positive ions and electrons. He also reports [59] 
applying an electron multiplier to an electron spectrometer and as an alpha- 
particle detector. Stone [60] has studied the use of an electron-multiplier 
tube equipped with a thin window for beta-particle counting. The electron- 
multiplier tube is arranged so that the particles to be counted strike a 
target at the beginning of the electron-multiplier section of the tube. The 
dynode arrangement shown in Fig. 7-11 was used by both Allen and Stone. 
A background counting rate occurs primarily because of the thermionic 
emission from the target and the first dynodes. This background rate can 
be kept to a low value by the use of relatively high-work-function materials. 
Silver-magnesium alloys have proved satisfactory, having good secondary- 
emission properties as well as a relatively high work function. 

The efficiency of the tube depends largely on the secondary-emission 
ratio of the target for the particles which strike it. If the secondary 
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emission is 1 or greater, the efficiency can be 100 per cent, provided that 
the collection of secondary electrons from the target into the dynode 
section is good and the discriminator is set properly. Allen [59] has reported 
100 per cent efficiency for counting alpha particles. On the other hand, 
Stone [60] has found that only about 6 per cent of Sr® betas striking the 
silver-magnesium target result in counts. This is due to the fact that the 
secondary-emission ratio drops off rapidly with increase in the energy of 
the electrons. The principal advantage of the electron-multiplier particle 
counter is that it can be inserted directly into a vacuum chamber without 
an intervening window. 


CHEMICAL DOSIMETERS 
8-17. Chemical Effects Induced by Nuclear Radiation 


It has long been known that the passage of nuclear radiation through 
matter may produce chemical changes in it. However, it is only quite 
recently that any of these effects have found important uses for the meas- 
urement of radiation. The present development is closely associated with 
the wide-scale use of kilocurie-strength radiation sources, for it is in these 
high-radiation fluxes that the chemical systems find their applications. 
The principal use is in the measurement of absorbed energy or the dose due 
to the radiation. 

The chemical effects are a result of the excitation and ionization produced 
by the passage of the radiation. The mechanisms for the production of 
these chemical changes are not understood in detail. Many times it is 
qualitatively and sometimes quantitatively true that all types of nuclear 
radiations produce the same chemical effect when equal energies are 
dissipated in the material. For discussion of the quantitative differences 
it is convenient to divide nuclear radiation into two groups. These groups 
are (1) light (fast) particles such as beta rays and (2) heavy (slow) particles 
including alpha particles, accelerated charged particles such as protons and 
deuterons, and fission products at the instant of fission. X and gamma rays 
are in the group with electrons since they produce their effects through 
secondary electrons. Neutrons may be in either group, depending on the 
nature of their interaction with matter. 

The basis for the division into the two groups lies in the difference in the 
specific ionization of the light and heavy particles. The specific ionization 
is from two to three orders of magnitude higher for group 2 than for group 1. 
Not only does this mean that the primary ion pairs along the paths of the 
particles are correspondingly closer, but in addition the secondary delta 
tracks or spurs along the tracks are also closer together. These spurs are 
secondary tracks of ionization which are produced by the electrons ejected 
in the primary-ionization process. 
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8-18. Irradiation of Water 


Because of its importance in the systems for chemical dosimetry, the 
chemical effects induced by nuclear radiation in water will be discussed. 
The radiation-induced decomposition of water has been more thoroughly 
studied than any other system. However, considerable work remains to be 
done before all the quantitative aspects of the phenomenon have been 
worked out [61]. 

The primary phenomenon in the irradiation of water is the formation of 
the free radicals H and OH. These may react to form the products He and 
HO; as well as to recombine to form water. Possible reactions are 


H+H —H, (8-9) 
OH + OH — H,O, (8-10) 
and H + OH — H,0 (8-11) 


Additional reactions leading to the removal of the H, and H,O, from the 
systems and the recombination into water are 


H + H.0, > H,O + OH (8-12) 
and OH + H, > H,O + H (8-13) 


For the higher specific ionization, as with the slow heavy particles, the 
yield of H; and H,Oz increases, indicating the increased importance of the 
reactions given by Eqs. (8-9) and (8-10). This dependence of the yield of 
H, and H,0, on specific ionization is explained in the following manner: 
When the specific ionization is low and the accompanying delta tracks are 
far apart, the free radicals diffuse from their point of origin into the main 
body of the system, reacting with H, and H,O, according to Eqs. (8-12) and 
(8-13) in preference to the free-radical reactions, Eqs. (8-9) to (8-11). On 
the other hand, where the specific ionization is high and the local density 
of free radicals correspondingly high, the reactions between free radicals 
proceed more rapidly. 

Equations (8-12) and (8-13) taken together are chain reactions which 
reestablish the free radicals. Other reactions can work to break the chain. 
Possible ones are 


OH + H,O, — HO, + H2O (8-14) 
and HO. + H —> H,O.2 (8-15) 


This indicates that, when water solutions are exposed to radiation, oxi- 
dizable solutes will be oxidized by the OH radicals, and reducible solutes 
will be reduced by H radicals. 
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8-19. Requirements of Chemical Systems for Dosimetry 


The desirability of making absorbed-dose measurements in terms of 
absorbed energy was pointed out in Chap. 4. This has been emphasized by 
the establishment of the rad as a unit by the International Commission on 
Radiological Units. The rad is an absorbed dose of 100 ergs/g. 

A common approach to the measurement of the absorbed energy has 
been through the determination of the ionization in an air ionization 
chamber (see Chap. 4). The material in question is replaced by the 
chamber. The quantity J, the ionization per unit mass in the gas, is 
related to dE /dm, the energy absorbed per unit mass of the material, by 
the equation 


dE 
cag S,wd (8-16) 


where w is the energy required per ion pair formed in the gas and S,, is the 
ratio of the mass stopping power of the material to that of the gas. This 
method is capable of accurate results when applied carefully. In fact, it 
has been used recently by Cormack et al. [62] for the calibration of the 
aqueous ferrous sulfate chemical dosimeter. In the theory, the ratio of 
the energy absorbed in the material to the ionization in a small air cavity 
in the material is calculated, assuming that the system consists only of the 
material and the cavity within it. This requirement can be met by making 
the walls of the ionization chamber from material equivalent (from the 
standpoint of energy absorption) to the material in which the energy 
absorption is being made. A very important but tedious part of the 
calculation is the computing of the average value of S,,._ In general, S,, is a 
function of electron energy, and an average value of it must be calculated for 
each energy in the spectrum of radiation to which Eq. (8-16) is to be 
applied. 

To avoid the complications described above with their possible inherent 
inaccuracies, it is desirable for the dosimeter and the sample to have the 
same, or nearly the same, mass stopping power. In addition, the dosimeter 
and sample should be geometrically alike, to eliminate any geometry effect. 
Finally, to avoid erroneous results due to changes in magnitude and 
distribution of the radiation flux when the sample is replaced by the 
dosimeter, the absorption of radiation which is produced by each system 
should be similar. 

These requirements for dosimeters to use with liquid and solid samples 
are difficult to meet with ionization chambers. On the other hand, chemical 
dosimeters, being composed of solids or liquids, the volumes and shapes of 
which can be readily varied, are ideally suited. Further, the chemical 
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changes which are produced can be related simply to energy absorbed or 
to the dose. 

It is convenient to class chemical dosimeters into two groups: (1) those 
employing water as a solvent and (2) all other systems. The aqueous 
systems include the oxidation of ferrous ions in ferrous sulfate solution and 
the reduction of ceric ions in ceric sulfate solutions. Under the second group 
are included a number of the systems which will be summarized in a later 
section. 

Miller [63] has listed the desirable characteristics for aqueous dosimeters. 
In brief, the amount of chemical change brought about by a unit dose should 
be independent of (1) the concentration of the reactant and the product, 
(2) the dose rate, (3) any other conditions likely to change during exposure, 
such as pH, content of dissolved gas, etc., and (4) the type and spectrum of 
the radiation. In addition, (5) the analytical procedure should be as 
simple as possible, (6) the ordinary analytical grade reagents should be 
usable without further purification, and (7) the solutions should be usable 
in their normal condition of equilibrium with the atmosphere. In practice, 
condition 4 is found to be the most difficult to satisfy. All systems have 
been found to give different results when irradiated with particles of group 1 
(see Sec. 8-17) from those obtained with particles of group 2. 


8-20. Description of Ferrous Sulfate Dosimeter 


The chemical reaction which is in the most wide-scale use for dosimetry 
is the oxidation of ferrous ions to ferric in 0.8 normal solutions of sulfuric 
acid. This system has been found to be satisfactory over a wide range of 
conditions. In addition, careful calibrations relating the quantity of the 
reaction products to the absorbed energy have been run for this dosimeter. 

Several methods have been used satisfactorily for preparing the solution. 
Weiss, Allen, and Schwarz [64] recommend the following procedure: 
Dissolve 2 g FeSO,-7H2O or Fe(NH,)2(SO,)2-6H2O, 0.3 g NaCl, and 110 
cm? concentrated (95-98%) H.SQO, (analytical reagent grade) in sufficient 
distilled water to make 5 liters of solution. (The chloride ions inhibit the 
oxidation of ferrous ions by certain organic impurities in the system. This 
eliminates the need for triply distilled water and recrystallized ferrous 
sulfate in making up the solution.) 

The sample containers are filled with this solution and placed in the 
position where the radiation intensity is to be measured. The containers 
should be clean glass or polystyrene with at least 8-mm inner diameter. 
The duration of the irradiation period should be noted accurately. 

The common method for determining the amount of ferric ion which 
has been produced by the radiation is spectrophotometric analysis. The 
ferric ion has an absorption maximum at approximately 304 mp. To 
determine the amount of iron, the transmission of the irradiated sample is 
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compared with that of a nonirradiated sample. A Beckman model DU 
spectrophotometer equipped with a thermostated hydrogen lamp and 
quartz cells is quite satisfactory. 

The dose rate is given [64] by the formula 


10° 
ebYt 


where Agampie 2Nd Apiank = absorbancy (optical density) of irradiated and 
unirradiated solutions, respectively 
molar extinction coefficient 
ferrous sulfate yield, micromoles (uJ) of ferric 
jons per liter per 1,000 r 

b = sample thickness, cm. 

t = irradiation time, hr 
The value of ¢ should be determined on the spectrophotometer to be used. 
A representative value [64] is 2,174 liters/(mole)(cm) at 23.7°C; it has a 
rather large temperature coefficient of + 0.7 per cent per degree Centigrade 
[65]. 

Example 8-3. If the spectrophotometric measurement of the ferrous sulfate solution 

in a chemical dosimeter indicates a transmittance through a 2-cm cell of 0.9 and 0.4 


before and after irradiation, calculate the dose received by the dosimeter. 
Solution. The absorbancy A is calculated from the transmittance 7 as 


R(r/hr) = (A sample — Abiank) (8-1 7) 


€ 
Y 


A = log 7 


resulting in values of 0.041 and 0.38 before and after irradiation. By Eq. (8-17), the 
total dose D is 


10° 10°(0.38 — 0.041) 


D(r) = oY (Asample — Abiank) = 2174 X2X 15.3 = 5.1 10? r 


where the yield Y has been taken as 15.3 uM of ferric ions per liter per 1,000 r (see 
Sec. 8-21). 


8-21. Yield of Ferrous Sulfate Dosimeter 


It has become customary to express the yield of chemical dosimeters in 
G units. The value of the yield in G units is the number of molecules pro- 
duced or converted for each 100 ev of energy absorbed. The value of Y in 
micromoles of ferric ions per liter of 0.8 N solution per 1,000 r is 0.99 G if 1 r 
is taken to be equivalent to 93 ergs/g in water. 

For several years there have been discrepancies up to 25 per cent in the 
various measured values of G. Recent measurements indicate that the 
lower values are the more nearly correct. Table 8—5 includes these values, 
along with the references to the papers in which they are reported. The 
value of 15.45 + 0.11, determined by Schuler and Allen [68], is probably 
the most accurate one. 
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TABLE 8-5. YIELDS OF FERROUS SULFATE DOSIMETER 


Ionization Method 
Authority Radiation G(molecules/100 ev) 
Hochanadel and Ghormley* Co® Y rays 16.7 
Cormack, Hummel, Johns, and Spinkst 24.5-Mev X rays 15.5 or 16.4 
Co® Y rays 15.8 or 16.0 
Calorimetric Method 
Authority Radiation G(molecules/100 ev) 
Hochanadel and Ghormley* Co® Y rays 15.6 + 0.3 
Lazo, Dewhurst, and Burton{ Co® Y rays 15.8 + 0.3 
Power-input Method 
Authority G(molecules/100 ev) 
Hochanadel and Ghormley* 16.5 
Schuler and Allen§ 15.45 + 0.11 


* From G. J. Hochanadel and J. A. Ghormley, J. Chem. Phys., 21:880 (1953). 

t From D. V. Cormack, R. W. Hummel, H. E. Johns, and J. W. T. Spinks, J. Chem. 
Phys., 22:6 (1954). 

t From R. M. Lazo, H. A. Dewhurst, and B. Burton, J. Chem. Phys., 22:1370 (1954). 

§ From R. H. Schuler and A. O. Allen, Paper at meeting of Radiation Research So- 
ciety, New York, May 17, 1955. 


In the ionization method of calibration, the current in an ionization 
chamber is converted to energy in the fashion discussed in Sec. 8-19. 
Cormack et al. [62] have given the details of this calibration. 

The calorimetric method of calibration requires the use of microcalori- 
metric techniques because the rate of heat input is so small. These tech- 
niques are discussed in Sec. 8-29. 

In the power-input method of calibration, the energy absorbed in the 
dosimeter is determined from measurement of the voltage, beam current, 
and duration of a cathode-ray beam which enters the dosimeter. 

Although the range of conditions over which the yield remains constant 
at the value discussed above is large, certain factors must be kept in mind 
in the application of these dosimeters. One important limitation arises 
because the yield is dependent on the presence of oxygen in the solution; 
therefore the yield differs in aerated and deaerated solutions. As the 
reaction proceeds in aerated solutions, oxygen is consumed (see Sec. 8-22). 
The yield stated above is obtained when oxygen is present. When all the 
oxygen which was initially present in the solution is consumed, the yield 
drops off. This is indicated on the curve of the ferric-ion concentration - 
versus dose in Fig. 8-13 by the break in the curve. The yield has been 
found [69] to be independent of the ferrous-ion concentration from 107? to 
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4 X 10-°M and of dose rates from %o 
to 200 r/sec. The exact limits of these 
ranges need further study. 

One important limitation of the 
ferrous sulfate dosimeters is the de- 
pendence of the yield on the type of 
radiation. Particles producing a higher 
specific ionization produce a _ lower 
yield. For example, alpha particles 
have been reported [63] to give a yield 
of about one-half that of electrons. 
For light fast particles the yield is in- 
dependent of the energy over a large 
range, at least from 100 kev to 24.5 
Mev. There is some indication [63] 
that low-energy betas such as those 
from tritium produce a lower yield than 
high-energy betas. 


8-22. Radiation Chemistry in Ferrous 
Sulfate System 


The following mechanisms have been 
proposed to describe the oxidation of 
the ferrous ions in an aerated solu- 
tion. The process starts with the for- 
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mation of the free radicals H and OH by the dissociation of water, as 
described in Sec. 8-18. These free radicals in turn bring about the oxi- 
dation reaction. The equations of several possible reactions are 


H.0 = H + OH (8-18) 

Fet+ + OH — Fe'+ + OH- (8-19) 
H + 0,— HO, (8-20) 
Fe++ + HO, — Fe'+ + HO,- (8-21) 
HO,- + H+ = H,0, (8-22) 
Fet++ + H,O. > Fe'+t + OH- + OH (8-23) 
H+ + OH- = H.O (8-24) 


The importance of the oxygen in the process is clear from these equa- 
tions. The maximum theoretical ratio between the oxidation yield in 
the aerated and evacuated solutions is 4; in practice, a value of about 2.7 
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is obtained. It is also clear from this why the yield drops off with the 
depletion of the oxygen after large doses. 

The fact that the yield drops at low concentrations of the ferrous ion is 
attributed to the relative slowness of the reaction given by Eq. (8-23). 
If sufficient time is allowed between irradiation and analysis, the yield will 
be normal, as this reaction will have time to go to completion. 

The drop in yield with types of nuclear radiation which produce high 
specific ionization is due to the loss of free radicals through the reaction 
given by Eqs. (8-9) to (8-11). As explained in Sec. 8-18, these reactions 
are aided by the large ion density. 


8-23. Ceric Sulfate Dosimetry 


Solutions of ceric sulfate for dosimetry are prepared by adding reagent- 
grade ceric sulfate to 0.8 N sulfuric acid. When this solution is subjected 
to nuclear radiation, ceric ions are reduced to cerous ions. 

The cerous-ion concentration is determined by measurement of the 
difference between the final and initial ceric-ion concentrations. The 
ceric-ion concentration is determined spectrophotometrically by measure- 
ment of the absorption at 320 mu, the wavelength for maximum absorption. 
Since the difference method is used in analysis, it is advantageous to start 
with an initial ceric-ion density of the order of the change which is expected 
during the irradiation; of course, the initial concentration must always be 
somewhat greater than the expected change. 

The yield for the ceric sulfate dosimeter is ordinarily determined relative 
to the yield for the ferrous sulfate dosimeter. The ratio Gr./Gce has been 
reported [69] as 5.96 + 0.03 for a wide range of conditions. It has been 
found to be independent of the initial ceric-ion concentration in the range 
from 3.2 X 10-2 to 10-° M and of energy from 100-kev X rays to 2-Mev 
gamma rays. It drops to 4.3 for 11-kev X rays and to 2.8 for tritium betas 
[70]. The dose rate appears to have no effect on the yield from % to 
approximately 500 r/sec. There is no dependence of the yield on oxygen 
concentration. Therefore no break in the curve of cerous-ion concentration 
versus dose is found, as in the corresponding case for the ferrous sulfate 
dosimeter. 


8-24. Comparison of the Ferrous Sulfate and Ceric Sulfate Dosimeters 


In general, it is found advantageous to use the ceric sulfate dosimeter 
for the very intense sources and the ferrous sulfate dosimeter for the 
somewhat weaker sources. The ferrous sulfate dosimeter is preferable at 
the lower doses because of its higher yield. It can be used down to 4,000 r 
with the spectrophotometric analysis. Rgdstam and Svedberg [71] report 
that by using Fe as a tracer a ferrous sulfate dosimeter can be used in the 
range from 0 to 100 r with 2-r accuracy. Their method depends on the 
separation of ferrous and ferric ions by solvent extraction. 
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The break in the curve at about 50,000 r (see Fig. 8-13) limits the use- 
fulness of the ferrous sulfate dosimeter for large doses. It can be used at 
higher doses if the proper calibrations are available. However, another 
practical limitation arises at doses around 1 million rep because of the high 
initial concentration of the ferrous ion that is required. This type of 
solution auto-oxidizes and complicates the blank determination. 

On the other hand, because of its low yield, the ceric sulfate is of no use 
for doses of a few roentgens. However, it can be used satisfactorily at 
doses of millions of roentgens. Another advantage of this dosimeter is the 
sensitivity of the concentration determination. There is a greater change 
in optical density per unit change in concentration. 

One disadvantage of the ceric sulfate dosimeter arises because of the 
rigid requirement for the surfaces in contact with the solution. It has been 
found [67], for example, that the irradiation of the solution in plastic vessels 
gives very erratic results. Further, Nicksic and Wright [72] have pointed 
out errors that arise from exposure to light. However, by exercising special 
care in avoiding all unnecessary exposure to light, accurate results can be 
obtained. 


8-25. Gamma-ray and Neutron Dosimetry by Gas Evolution from Aqueous 
Solutions 


Hart and Gordon [73] have successfully applied the gas evolution from 
aqueous solutions for gamma-ray and neutron dosimetry. The dosimeter 
used for gammas was a 1.0-mM (millimolar) potassium iodide solution 
while that for neutrons was a 1.0-mM potassium iodide solution plus a 
50-mM boric acid solution. 

It is found that the rate of gas evolution is proportional to the rate of 
energy absorption. This can be expressed as 


dN dE 
ae Car (8-25) 
where JN is the total number of molecules of gas evolved and E is the 
energy absorbed in units of 100 ev. Thus a volume of gas proportional to 
the total dose is released. The gas volume is measured at constant pressure 
in a gas-manometer system. 

It was pointed out in Sec. 8-18 that, when pure water is irradiated, back 
reactions given by Eqs. (8-12) and (8-13) occur. In this event, rather than 
an amount of hydrogen proportional to the total dose, one obtains an 
equilibrium quantity proportional to the rate of energy absorption. How- 
ever, the presence of the iodine radical in the potassium iodide solution 
inhibits this back reaction through the reduction of the number of OH free 
radicals by the process 


I- + OH — I + OH- 
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Further, oxygen is produced from the decomposition of the H,O: by 


radiation. 


The boric acid in the neutron dosimeter brings about the absorption of 
neutrons accompanied by the emission of an alpha particle through the 
(n,«) reaction in B®. The alpha particles produce the decomposition of the 


water. 


The yield by the gammas from Co® is 0.575 total molecule of gas per 
100 ev absorbed, including 0.383 of hydrogen and 0.192 of oxygen. For 
the neutrons in the thermal column of a reactor, the total yield of the 
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Fig. 8-14. Quartz re- 
action vessel for the 
nitrous oxide dosime- 
ter. (From S. Dondes, 
“‘Proceedings of the In- 
ternational Conference 
on the Peaceful Uses of 
Atomic Energy,’ vol. 


14, p. 176, United 
Nations, New York, 
1956.) 


boric acid solution is 2.08, with 1.35 due to hydrogen 
and 0.68 due to oxygen. 

The main advantage of this type of dosimeter 
over the other chemical dosimeters is its ability con- 
tinuously to monitor the energy flux through the 
rate of gas evolution. Hart and Gordon [73] have 
evaluated this system as an excellent means of moni- 
toring the gamma-ray and neutron fluxes in reactors 
with neutron fluxes in the range from 10" to 10'5 
neutrons/(cm?) (sec). 


8-26. Other Chemical Dosimeters 


A number of other chemical systems have been 
proposed for use as dosimeters [63]. Two of these 
appear to be particularly useful. They are the ni- 
trous oxide dosimeter described by Dondes [74] and 
the acid production in chlorinated hydrocarbons as 
discussed recently by Taplin [75]. 

The reaction vessel for the nitrous oxide dosimeter 
is shown in Fig. 8-14. In use, it is filled with purified 
nitrous oxide to a pressure of 650 mm. After the 
vessel has been irradiated for a measured time in- 
terval, its seal is broken in a vacuum, and measure- 
ment is made of the amount of nitrogen and oxygen 
formed by the irradiation. Before this determination 
is made, the remaining nitrous oxide, as well as the 
radiation-produced nitrogen dioxide, is condensed out 
in a@ liquid nitrogen bath. 


Figure 8-15 shows the calibration curve of a nitrous oxide dosimeter. 


Above 3 X 10’ r, nitrogen oxide is readily perceptible by the color change. 
Thus the dose above this value can be measured colorimetrically with the 
vessel unopened. Doses from 10® to 3 X 107 r may be measured colori- 
metrically by increasing the length of the vessel from 2 to 50 in. Above 
10 r, the decomposition of nitrous oxide reaches an equilibrium, so that 
the dosimeter is no longer accurate. 
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The acid production from the irradiation of chlorinated hydrocarbons, 
such as chloroform, trichloroethylene, or tetrachloroethylene, is a linear 
function of the radiation dose over a broad range [75]. The acid products 
may be determined directly by color changes in pH-indicator dyes or 
indirectly either by simple acidometric titrations or other available means. 

A comprehensive discussion of the characteristics of those systems and 
of their applications to dosimetry has been made by Taplin [76]. The 
resorcinol-stabilized chlorinated hydrocarbon-aqueous pH-indicator dye 
systems are judged to rank with the ferrous sulfate and ceric sulfate 
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Fic. 8-15. Calibration curve for a nitrous oxide dosimeter. 
(From S. Dondes, ‘Proceedings of the International Conference 
on the Peaceful Uses of Atomic Energy,’’ vol. 14, p. 176, United 
Nations, New York, 1956.) 


dosimeters in their importance and general utility. The former system 
extends the useful range down to 10 r. 


8-27. Dosimetry by Silver-activated Phosphate Glass 


Radiation-induced changes in the absorption, luminescence, and other 
properties of solids have been used to measure radiation doses [69]. Silver- 
activated phosphate glass is a particularly useful material in this regard. 
Although the effects produced in glass are not primarily chemical in nature, 
a discussion of this dosimeter type is included at this point because of the 
features which it has in common with the chemical systems. 
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Schulman (77, 78] has developed two ranges of dosimeters utilizing silver- 
activated phosphate glass. A personnel dosimeter [77], covering the range 
from 10 to 600 r, utilizes the phenomenon of radiophotoluminescence, while 
a high-level dosimeter [78], useful from 10? to 10° r, makes use of changes in 
optical absorption. 

Radiophotoluminescence is the phenomenon by which new stable 
photoluminescent centers are created in certain materials by the action of 
ionizing radiation. After irradiation, the material will fluoresce under 
light of the proper wavelength (usually in the near-ultraviolet), while 
unirradiated glass will not fluoresce under the same conditions. 

The ionizing radiation liberates electrons within the glass. These are 
trapped by the Ag* ions of the glass, thus reducing the ions to atomic 
silver centers. These atomic silver centers produce the new absorption 
band used in the detection of larger doses. They also serve as the origin 
of the photoluminescence. One form of the radiophotoluminescent dosim- 
eter [77] consists of a 34- by 34- by 34¢-in. glass block. The glass is rough- 
ground and painted black on all but one 34- by 34-in. face (the “ultraviolet 
entrance face’) and one 34- by 3¢-in. face (the ‘‘fluorescence exit face’’). 
After exposure of the glass, the dose which it has received is measured by a 
fluorimeter. In this measurement a 931 A photomultiplier tube equipped 
with an orange filter is used to measure the light passing through the 
fluorescence exit face while the ultraviolet entrance face is being irradiated 
with light in the region of 3,650 A. The sensitivity of the system allows 
the measurement of doses as little as 2 r. 

For the high-dose measurements by absorption, polished glass plates 0.5 
mm thick and 1 em square have been used [78]. In this application, optical 
transmission measurements are made. These data are converted to ab- 
sorption coefficients, with corrections being applied for absorption and 
reflection losses in the unirradiated glass. In Fig. 8-16 the absorption 
coefficient is plotted as a function of dose; the light wavelength at which the 
absorption measurements are made is used as the parameter. For low 
doses, adequate optical-density changes are obtained when the measure- 
ments are made at 3,500 A. For higher doses the optical density at 3,500 
A is much too high for convenient measurement, and the dose is determined 
from measurements at longer wavelengths. 


CALORIMETRIC METHODS 
8-28. Utility of Calorimeters for Nuclear Measurements 


A calorimeter, a device for the measurement of quantities of heat, has 
found applications in most fields of physics, including that of nuclear meas- 
urements. The calorimeter is very useful for the determination of the 
radiation-energy absorption in material, since ultimately the absorbed 
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energy is degraded into heat. Ideally, at least, one builds a calorimeter 
containing a sample of the material in which the measurement of the ab- 
sorbed dose is required, exposes this sample to the radiation field, and meas- 
ures the total heat produced in it. Practically, of course, all parts of the 
calorimeter may absorb energy from the radiation, so that provisions must 
be made for distinguishing between the heat generated in the sample mate- 
rial and that being produced in the rest of the apparatus. 
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Fic. 8-16. Dose dependence of absorption of silver-activated glass for 
various wavelengths of light. [From J. H. Schulman, C. C. Klick, and 
H. Rabin, Nucleonics, 13:30 (February, 1955).] 


The other broad class of applications of calorimeters is the measurement 
of the absolute activity of radioactive samples. In this process either all 
or a known fraction of the energy of the nuclear particles which are emitted 
by the source is dissipated as heat in the calorimeter. This can usually be 
achieved by placing the source inside the calorimeter. However, if the 
source must be outside, the calorimeter can be equipped with a window for 
admitting the radiation. In either case the interior of the calorimeter is so 
arranged as to absorb either all or a known part of the radiation. The basic 
relationship between the rate of heat input H, the sample activity A, and 
the average energy dissipated in the calorimeter per particle E is 


H(watts) = (1.603 X 10-")AE (8-26) 
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where A is expressed in particles per second and E in Mev. If A is expressed 
in curies, the relationship becomes 


H(watts) = (5.94  10-*)A(curies)E (Mev) (8-27) 


It is clear that the measurement of the rate of heat input allows the deter- 
mination of either the activity or the average energy dissipated but not both 
simultaneously. 


Example 8-4. Calculate the minimum activity of Po*!° which may be measured by 
means of a calorimeter that is capable of operating with heat input rates as low as 10°-* 
watt. 

Solution. Except in 10-? per cent of the cases, Po*!® emits only alpha particles. Fur- 
ther, these alpha particles are monoenergetic (5.30 Mev). All the alpha energy can be 
dissipated in the calorimeter. Therefore if all but the principal radiation is neglected, 
the minimum activity is given by Eq. (8-27) as 

10-3 


H spt ca 
A= 694 x 10-8 ~ 6.94 X 1075.30) ~ 91-8 Mlbeuries 


In activity measurements of beta and alpha emitters, where gamma rays 
accompany these particles, it is necessary either to absorb all the gamma 
rays, to make provisions for the gamma rays to escape from the calorimeter, 
or to correct for the energy dissipated by them in the calorimeter. Often 
the system can be designed with sufficiently thin walls to allow the escape 
of most of the gamma radiation so that the remaining correction is small. 

The main advantage of the calorimetric method for activity measure- 
ments arises from its inherent accuracy. Sources of errors such as back- 
scattering, self-absorption, instrument resolving time, and the like which 
are present in counting methods are avoided. The main limitation of the 
calorimetric method is its lack of sensitivity. For high accuracies the sam- 
ple must be present at least in millicurie amounts and preferably in curie 
amounts. Another limitation arises from the time required to reach thermal 
equilibrium. This is ordinarily of the order of hours and consequently 
prevents the use of the system with radioisotopes of half-lives the order of a 
day or less. 


8-29. Types of Calorimeters 


The principal problem in the design of calorimeters for radiation measure- 
ments arises from the small rate of heat input that is usually encountered. 
Therefore calorimeters for this purpose are often referred to as micro- 
calorimeters. 

A survey of the types of calorimeters in use has been given by Myers 
[79]. This is a review article including a comprehensive bibliography on 
both calorimeter design and application to radiation measurements. The 
types of calorimeters which have found general usefulness are the twin 
differential, the isothermal, and the adiabatic calorimeters. 
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The twin differential microcalorimeter consists of two identical calorim- 
eters. In one, the heat input to be determined is added; in the other, heat 
is added at a known rate. The rate of heat input to the latter is adjusted 
until the temperature difference between the two calorimeters remains 
zero. 

In the isothermal calorimeter, the system is allowed to reach temperature 
equilibrium with the heat input from the nuclear radiation equaling the 
heat-removal rate. One typical method for accomplishing this is to measure 
the temperature rise in water which is caused to flow continuously through 
the calorimeter. The rate of heat input H is related to the mass flow rate 
Um, the specific heat c, and the temperature rise AT by the equation 


H = v,cAT (8-28) 


In the adiabatic calorimeter, the temperature of the calorimeter jacket is 
maintained equal to that of the calorimeter itself. When this condition is 
maintained, the total heat input Q is related to the temperature rise AT 
of the calorimeter and the total heat capacity C by the equation 


Q = CAT (8-29) 


8-30. Applications of Calorimeters to Radiation Measurements 


A comprehensive bibliography on calorimetric applications to nuclear 
measurements has been compiled by Myers [79] in his review article in 1949. 
In addition, a number of applications have been reported since the 1949 
bibliography [69, 80-86]. 

Perhaps the first use of calorimeters in nuclear measurement was by 
Curie and Laborde in 1903 when they attempted to verify that the heat 
produced by radioactive substances was due to the absorption of its radia- 
tion. Another landmark was the determination by Ellis and Wooster in 
1925 of the average heat energy associated with beta decay. For Ra-E this 
was found to be 0.337 Mev per beta decay, in contrast with the 1.17-Mev 
maximum energy. These measurements bore out the need for the hypothe- 
sis of the neutrino. 

The isothermal calorimeter designed by Cannon and Jenks [80] and 
shown schematically in Fig. 8-17 is an example of a modern instrument for 
activity measurements. It is capable of measuring heat inputs as low as 
7 X 10-* cal/sec with 1 per cent accuracy. 

This calorimeter consists of three concentric Dewars A, B, and M. The 
sample which is evolving the heat to be measured is placed in the inner- 
most Dewar at H and the seal is made at E. Both the Dewars B and M 
are filled with liquid nitrogen. The heat input at H is determined from a 
measurement of the amount of nitrogen gas evaporated at constant pres- 
gure and bled off at D; the heat input is the product of the mass of nitrogen 
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gas and the heat of vaporization. The instrument can be calibrated by 
putting heat into the calorimeter at a known rate through the use of a 


heating coil. 


The sensitivity of this calorimeter is such that 10 millicuries of activity 
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Fic. 8-17. Microcalo- 
rimeter of the isother- 
mal type. [From G. V. 
Cannon and G. H. 
Jenks, Rev. Sci. Instr., 
21:236 (1950).] 


decaying by the emission of beta particles of 1-Mev 
maximum energy can be measured conveniently. 
The time required to establish equilibrium in the 
system is only around 1.5 to 2 hr so that radio- 
isotopes of relatively short half-lives (> 10 hr) can 
be studied without a correction for the “‘lag”’ of the 
calorimeter. 

An important application is the measurement of 
the activity of curie amounts of alphaemitters. Such 
a device capable of precise measurements from 100 
millicuries to tens of curies has been described [84]. 
Bayly [81] has described an instrument capable of 
the determination of the activity of alpha and beta 
emitters of known energy to 0.7 per cent accuracy. 
He states the limit of sensitivity is 2 * 10—* cal/sec. 
Thermistors are used as the temperature-sensing de- 
vices. 

Another interesting application consists of meas- 
uring the energy of particles produced by particle 
accelerators. Horning, Katzer, McKisson, and Old 
[83] have described the measurement of the energy 
released in a uranium cyclotron target by bombard- 
ment with 189-Mev deuterons. 

Lazo, Dewhurst, and Burton [67] have described 
the use of an adiabatic calorimeter in the measure- 
ment of the yield of a ferrous sulfate dosimeter for 
Co® gammas. A similar measurement, using 22.5- 
Mev X rays from a betatron, has been discussed by 
Laughlin and Beattie [82]. Laughlin et al. [85] have 
also described the use of a calorimeter for the abso- 
lute dosimetry of Co® gamma rays. 

Because of the complexity of reactor radiations 
and other interactions with matter, it is very diffi- 
cult to make a calculation which gives even a rough 
estimate of the energy absorbed from these radia- 
tions; therefore measurements are preferred. The 
determination of this absorbed energy requires cal- 


orimetric measurements although the method is subject to difficulties. 
These difficulties are associated with separating the heat generated in 
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the sample from that produced in the rest of the apparatus. Figure 8-18 
is a schematic diagram of a reactor-radiation calorimeter designed by 
Richardson, Allen, and Boyle [86]. 
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Fia. 8-18. Dosimeter for nuclear reactor radiation. (From 
D. M. Richardson, A. O. Allen, and J. W. Boyle, ‘‘Proceedings 
of the International Conference on the Peaceful Uses of Atomic 
Energy,’ vol. 14, p. 209, United Nations, New York, 1956.) 


The calorimeter consists essentially of two coaxial aluminum tubes with 
a thermocouple embedded in each. The sample can is supported inside the 
center tube by means of a polystyrene insulator. The heat generated 
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within the inner assembly is conducted mainly across the air gap between 
the two tubes, good thermal insulation being provided at the ends of the 
inner tube. Convection currents between the two cylinders are minimized 
by a thin sleeve of polystyrene foam in the middle of the air space. A helical 
heater composed of copper wire is embedded in the inner cylinder for cali- 
bration purposes. By means of this, the relationship between the heater 
power input and the temperature difference between the two cylinders is 
determined. This is a linear curve with a slope of 0.012 cal/sec for a 1°C 
temperature difference. 

In the use of the calorimeter, the energy absorption rate in the sample 
is obtained by subtracting the rate determined for the calorimeter without 
the sample from that with the sample in place. 


PROBLEMS 


8-1. Compute the number of atoms in a grain of Ilford G5 emulsion having the mean 
grain diameter of this emulsion type. 

8-2. Make use of the data in Figs. 8-1 and 8-4 to estimate the total number of grains 
produced by a 1-Mev proton while giving up all its energy in an Ilford C2 emulsion. 
From this, estimate the average energy required per grain. formed. 

8-3. Designate a suitable emulsion type for use with each of the following particles, 
indicating the reasons for the choice in each case: 10-Mev alphas, 100-Mev protons, 
1-Mev alphas, 1-Mev betas, and 1,000-Mev deuterons. 

8-4. Consider a cloud chamber of 20-cm diameter, containing air. Calculate the 
pressure that is required in the chamber if the tracks of 1-Mev protons are to span a 
distance equal to the chamber radius. Repeat for 100-Mev protons. 

8-5. Calculate the threshold energy for the production of Cerenkov radiation in 
water by each of the following particle types: alphas, protons, electrons, and x mesons. 
The index of refraction of water is 1.33. 

8-6. An electron passing through water produces Cerenkov radiation which is emitted 
at an angle of 45° to the direction of the electron travel. Calculate the particle energy 
and the number of photons produced per centimeter of path traveled by the particle. 

87. What is the total dose in rads received by a ferrous sulfate dosimeter in which 
10-* mole of ferric ions is produced per gram of the solution? 

88. Calculate the change in optical density which occurs in a ferrous sulfate dosimeter 
upon receiving a total dose of 10‘ rads. Assume that the molar extinction coefficient 
for the particular spectrophotometer is 2,174 liters/(mole) (cm). 

89. Calculate the rate of hydrogen-gas evolution when pure water is subjected to a 
dose rate of 107 rads/hr. 

8-10. What would be the sensitivity required in a calorimeter for use in measuring the 
activity of a C' source as small as 1 curie? 

8-11. A calorimeter of the type shown in Fig. 8-18 is used to measure the rate of 
energy deposition in plastic irradiated by 1-Mev gamma radiation. Calculate the 
energy-deposition rate when a 10-g sample is placed in a gamma field of 5 X 10" gam- 
mas/ (cm?) (sec). 
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L CHAPTER 9 


NEUTRON-DETECTION METHODS 


In the preceding chapters specific types of nuclear-radiation detectors 
have been discussed. In general, each of these instruments is applicable 
for several radiation types. Many of these systems can be adapted to 
neutron measurements. These applications are discussed in the present 
chapter. Because of several considerations peculiar to neutrons and be- 
cause of the special importance of neutron measurements, it is considered 
highly desirable to devote a separate chapter to this subject. 


GENERAL CONSIDERATIONS 
9-1. Types of Neutron Measurements 


In Chap. 1 the interaction of neutrons with matter was discussed. The 
variety of possible processes and the importance of the neutron energy to 
the probability for the various processes were emphasized. Since the 
detection of neutrons requires the interaction of neutrons with matter, it is 
clear that consideration of the neutron energy is important. Therefore one 
of the major concerns of this chapter is the energy dependence of the meas- 
uring processes. This study also leads to information concerning the dis- 
tribution in energy of the neutrons. 

The energy dependence is often complicated by the degradation of the 
neutron energy through slowing-down processes concurrent with the meas- 
uring process. Consequently it is necessary to discuss the slowing-down 
processes as they affect the measurements. 

Neutron radiation often occurs along with other radiation types, 

~ “particularly with gamma rays. The extent to which the particular neu- 

tron-detection system discriminates against gamma rays needs to be in- 
vestigated. 

The measurement of the energy which is absorbed from the neutrons 
by matter that is placed in radiation fields is another important application 
to be covered. These measurements are known as neutron dosimetry. 
They are important in the field of health physics and in that of radiation 


damage to construction materials for reactors. 
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9-2. Nuclear Processes Used in Neutron Detection 


It has been pointed out that the detection of nuclear particles requires 
some type of interaction of the radiation with the detector. For radiation 
consisting of charged particles, the interaction is through the excitation and 
ionization which are produced by the primary particles, while for gamma- 
ray detection it must come through the secondary electrons which the 
photons release. In the case of neutrons there are several mechanisms by 
which the interaction with matter takes place; these were listed in Chap. 
1. Each of these processes is the basis of a potential method of detection. 
The most useful ones are as follows: 

1. Neutron-induced transmutations in which the product particles make 
possible the detection ; examples are (n,q), (n,p), (n,y), and (n, fission) reac- 
tions. The alpha particle, the proton, the gamma ray, or the fission prod- 
ucts give instantaneous information concerning the neutron. 

2. Neutron-induced transmutations which result in radioactive product 
nuclei. The subsequent decay of the radioactive nuclei gives information 
on the neutron flux which induced the radioactivity. 

3. Elastic scattering of neutrons in which the recoil particle is charged 
and is capable of being detected. The most important example of this 
process is the elastic scattering of a neutron by a proton; to the latter 
particle can be imparted up to 100 per cent of the neutron energy. 

Neutron-detection systems consist of the material required to bring about 
one of the nuclear processes listed above, along with means for measuring 
or indicating the results of the nuclear process. This latter part of the 
detection system may be one of the several conventional systems for detec- 
tion of charged particles or photons, as required. In the following sections 
several of these detector systems are discussed. 


NEUTRON-DETECTOR CHAMBERS USING B’ 
9-3. The B"(n,a) Reaction 


The B'(n,a) reaction is widely used for thermal-neutron detection. A 
number of factors make it highly satisfactory for this purpose. The cross 
section of the reaction has a large value and a simple energy dependence 
over a wide range of energy values. The reaction is easy to detect even in 
the presence of comparatively large gamma fluxes because of the high 
specific ionization and the large energy of the charged particles which are 
released. The material B" is available in its isotopic form, and its chemical 
properties are such that it can be incorporated successfully in the detector. 

The reaction is exothermic, with an energy release of 2.78 Mev. The 
ground state of the Li’ product nucleus may be formed directly, with the 
entire energy being shared by the Li’ and the alpha particle; alternatively, 
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an intermediate excited state of Li’ may be formed, followed by the emis- 
sion of a 0.48-Mev gamma. The probability of reaching the ground state 
directly is only 0.07 for reactions induced by thermal neutrons; it rises to a 
maximum of about 0.7 for 1.8-Mev neutrons, followed by a drop to less than 
0.5 for 2.5 Mev [1]. 

For the capture of a neutron of energy E, the kinetic energy E;. of either 
E + 2.30 Mev or E + 2.78 Mev will be shared by the alpha particle and 
the lithium recoil nucleus. If the captured neutron is thermalized, E is 
approximately zero, and the energies of the lithium nucleus and the alpha 
particle in the predominant case are 


Ex.Ma,  _ (2.30)(4.00) 


Eu if + Mu ~ 4.00 + 7.02 ~ 288 Mev 
=i E.eM 1 a 
and E, = M.+Miu~ 1.47 Mev 


respectively. 
The energy dependence of the cross section o for the B’°(n,qa) reaction is 
Sher in Fig. 1-21. This cross section is found to have the 1/v dependence 
asl 100 ev and therefore can be represented by the expression 


Eg og = Tote (9-1) 


Sh 5S v 


when vo = 2.2 X 105 cm/sec and oo = 4,010 barns. 
9-4. Reaction Rate in a Detector Containing B® 


The reaction rate in a detector containing B" can be obtained by a gen- 
eralization of Eq. (1-37). The contribution dR to the reaction rate by 
neutrons between the energy E and E + dE in the volume element dV is 


dR = N(z,y,z)o(E)o(E,2,y,z) dE dV (9-2) 


where N(z,y,z) = no. of B'° atoms per unit volume at point z,y,z 
o(E) = B’%(n,qa) cross section at energy E 
¢(E,z,y,2) = flux per unit energy interval at point z,y,z 


The total reaction rate would be represented by the integral throughout 
the entire detector volume and over the complete neutron-energy spectrum. 
That is, 


Reactions per sec = ff "N(z,y,2)0(E)o(E,2,y,2z) dV dE (9-3) 
vol/¥o 
If the flux is considered to be independent of the position in the detector 


and the total number of B’ nuclei is represented by Nz, then Eq. (9-3) 
becomes 


Reactions per sec = Nerf o(E)o(E) dE (9-4) 


a yeep gee 
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If the neutron spectrum contains only neutrons in the energy range for 
which Eq. (9-1) holds, Eq. (9-4) becomes 


100 ev 


Reactions per sec = Naoto f n(E) dE = Nrawon (9-5) 
where 7 is the number of neutrons per unit volume, irrespective of energy 
up to 100 ev. 

The above results which allow the calculation of the neutron density 
are independent of the distribution in energy of the neutrons as long as their 
energies lie below 100 ev. If, in addition, the average velocity # of the 
neutrons is known, the total flux can be calculated from the expression 


ee (reactions per sec)d 
Nooo 


(9-6) 


For the case of Maxwell-Boltzmann distribution in energy (see Sec. 1-19), 
dis 1.128v, at 20°C. | 

The B'(n,a) reaction has been employed in many detection systems. 
These include ionization chambers, proportional counters, scintillation 
detectors, and nuclear emulsions. In addition, the neutron-sensitive ther- 
mopile (see Sec. 9-31) is based on this reaction. 


9-5. Boron-trifluoride-filled Gaseous Detectors (/S! > 


To achieve a useful gaseous detector, the B!® atoms must be introduced 
in the chamber in such a way that the charged particles which are released 
by the reaction can enter its interior and produce ionization. Because of 
the rather short range of these particles, one is limited to thin layers of solid 


The BF;,-filled counters have been constructed in various forms [2]. 
Ordinarily a cylindrical construction is employed. Various diameters, 
center wires, and gas filling pressures are used. A typical BF; counter has 
a cathode and center-wire diameters of 0.87 and 0.002 in., respectively, an 
active length of 6 in., and a filling pressure of 12 cm Hg with 96 per cent 
enriched BF;. When it is used for pulse operation with a pulse-amplifier 
sensitivity of 4 mv, the operating voltage is 1,400 volts. If p(£) represents 
the probability that a B'°(n,a) reaction caused by a neutron of energy E 
will register a count, then from Eq. (9-5) one obtains the expression for 
the counting rate as 


Count/sec = NVouvo f "p(E)n(E) dE (9-7) 


where N77 has been replaced by NV, the products of the density of B'F; 
atoms and the chamber volume. The counter is ordinarily used with a 
counting system which requires that the pulse size exceed a certain mini- 
mum size to be counted. This in turn requires that the total energy which 
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the alpha particle and the lithium nucleus dissipate in the chamber exceed 
a certain threshold value Er. For reactions occurring at a sufficient dis- 
tance from the chamber wall that the entire energy is dissipated in the cham- 
ber, this condition is easy to achieve, since even with thermal neutrons this 
energy is at least 2.30 Mev. The fact that for some reactions the charged 

particles hit the chamber walls re- 
= duces p(E) somewhat below 1. 


~ e e e 

£6000 However, since in practice the cham- 

8 ber dimensions are usually larger 
— 


£ 4000 than the particle ranges and the 
S066 threshold energy Er is much less 
5 than the total energy available, the 
© 


caer 7a00 4001500 1600-~«C A wCtion p(E) can be taken as 1, to 

Tube voltage, volts a good approximation. This can be 

Fic. 9-1. Counting-rate-tube-voltage SC? from the fact that the plateau 

curve for a BF;-filled proportional counter. in the counting rate versus counter 

voltage is quite flat. Figure 9-1 is 

such a curve for the BF; proportional counter described above. The flat 

portion of the curve indicates that essentially all the reactions within the 

tube are being counted. 

The sensitivity of the counter may be defined as counts per second per 

unit neutron flux. From Eq. (9-7), one obtains 


Sensitivity = NVoos (9-8) 


For a Maxwell-Boltzmann distribution, this becomes 
4,010 xX 10-*NV 
1.128 


where N is the number of B’®° atoms per cubic centimeter and V is the sen- 
sitive volume of the counter. 


Sensitivity = 


Example 9-1. Compute the thermal-neutron sensitivity of the BF; counter described 
above, i.e., a sensitive volume of 58 cm? and filling gas 96 per cent enriched BF; at 12 
‘ cm Hg. 

Solution. The density of B'° atomsis obtained a the product of the molar density and 
Avogadro’s number; that is, i 

_. (6.02 X 10”) (12) (0. 96) 
eNee 4 X 10°) 
From Eq. (9-8), one obtains | 
4,010 X 10-*NV _ (4,010 X 107**)(4.1 & 10?8)(58) 
1.128 7 1.128 
= 0.83 count/sec per unit neutron flux 


= 4.1 X 10°* atoms/cm? 


Sensitivity = 


The validity of Eq. (9-8) requires that the flux remain constant through- 
out the counter volume. This condition requires that only a vanishingly 
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small fraction of the neutrons which pass through the chamber are ab- 
sorbed. In addition to simplifying the expressions for counting rate, this 
condition ensures that the detector does not disturb the neutron flux. Ina 
medium in which neutrons are diffusing, the absorption of neutrons upon 
passage through the counter lowers the flux at the counter, since these 
neutrons are not available for scattering back through it. The perturba- 
tion of the neutron flux by the detector will be discussed further in connec- 
tion with neutron-flux measurements by foils. 

/The extent to which the absorption in the counter may be neglected can 
be estimated by considering the probability that a neutron will pass through 
the counter without being absorbed. This probability is given by Eq. 
(1-34) as e-*-¢, where 2, is the macroscopic absorption cross section and 
d is the distance through the B'. The value of 2, for B'°F; gas at atmos- 
pheric pressure is 0.1(0.025’E)*4 cm—, when E£ is the neutron energy in 
electron volts. As long as 24d < 1, the absorption is negligible. Thus, in a 
counter operated at atmospheric pressure, the absorption could be neg- 
lected for 0.025-ev neutrons in counters with dimensions up to approxi- 
mately 1 cm. 

The efficiency of a neutron counter is defined as the fraction of the neu- 
trons which, upon entering the counter, result in a count. The probability 
of the absorption of a neutron passing a distance d through the B" is 
1 — e~*%¢, Therefore, in general, the efficiency depends on the size and 
shape of the counter and on the direction of incidence of the neutrons as 
well as on the other properties of the Counter. For the special case of a 
collimated neutron beam traveling parallel to the tube axis, the efficiency is 


Efficiency = 1 — e—*4 (9-9) 
where d is the length of the sensitive volume measured along the tube axis. 


Example 9-2. Compute the efficiency of the counter described in Example 9-1 for 
counting thermal neutrons traveling parallel to the tube axis, provided that the length 
of the sensitive volume is 6 in. 

Solution. By Eq. (9-9), the efficiency is 


Efficiency = 1 — e724 = 1 — e~Need 


= 1 — exp [(4.1 X 10*)(4,010 X 10-*) (2.925))"* (15.2)] 


where E is the neutron energy in electron volts. For E = = 0.025 ev, the efficiency is 
22 per cent. 


_ 9-6. Boron-lined Counters 


Boron can be introduced into a chamber as a solid coating on its walls 
or on plates provided for that purpose. The use of the solid rather than the 
BF gas has the advantage that more satisfactory counter filling filling gases Can 


be employed. The boron must be ‘be applied i in thin layers. This is This is desirable 
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from the standpoint of reasonable transparency to neutrons from outside 
the counter. In addition, the only reactions which are effective in causing 
counts are those which occur sufficiently close to that surface of the boron 
that at least one of the charged particles can é escape the boron inta_the 
counter gas. By Eq. (1-3), the range of the 1.47-Mev alphas which are 
produced by the thermal neutrons is 0.85 mg/cm? in boron. Therefore a 
thickness of greater than 0.85 mg/cm? would be useless from the counting 
standpoint. Actually, it would be detrimental, since it would absorb some 
neutrons before they reach the sensitive layer adjacent to the counter gas. 
From Eq. (1-44), one obtains for the mean free path for absorption of 
neutrons 


Mg/em!) = ans (9-10) 





where W is the atomic weight of the element and a is the cross section in 
barns. For B’® at 0.025 ev, A is 4.2 mg/cm”. 

The plateaus in the counting-rate versus tube-voltage curves are found 
to be less flat for boron-lined counters than those for BF; counters. This 
situation arises since the ‘charged particles produce varying Tonization in in 
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Fic. 9-2. Diagram of a B-lined counter and the counting-rate versus tube-voltage 
curve obtained with a pulse-amplifier sensitivity of 2 mv; filling gas of helium plus 5 per 
cent ether at 10 cm Hg pressure. (From ‘‘The Reactor Handbook,”’ vol. 2, p. 951, U.S. 
Atomic Energy Commission Document, McGraw-Hill Book Company, Inc., New York, 
1955.) 
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ness of 0.3 mg/cm?, has a diameter of 2157. in. and a total length of 33 in. 
Its sensitivity to a streaming flux of thermal neutrons, traveling parallel 
to its axis, is 5 X 10— amp per unit neutron flux. The material from which 
the chamber is constructed, including the graphite and the Mg-Al alloy 
shell, is chosen so as to avoid the production of high induced radioactivity 
under neutron bombardment. 

In the pulse-type proportional counter, the gamma-ray background 
which often accompanies neutrons is discriminated against through the use 

of a pulse-height selector, provided 

+ that it is not so high that excessive 

pile-up of pulses for secondary elec- 

trons occurs. This type of discrimi- 

2 Eee nation is not possible in current- 
Electrometer}| ionization-chamber instruments. 

The current due to gamma radia- 
tion can be minimized by the use of 
the smallest practical ratio of cham- 

+ + ber volume to coated electrode area. 
Fig. 9-4. Compensated ion chamber. However, for effective discrimina- 
tion, the differential or compensated 
chambers must be used. This system requires two chambers. One contains 
BF; or a boron lining and is sensitive to both neutrons and gamma rays; the 
other contains no boron and is sensitive to gamma rays only. If, when the 
chambers are exposed only to gamma rays, the two currents are balanced, 
then the differential current which results when neutrons and gamma rays are 
both present is a measure of the neutron flux. The balancing of the currents 
can be accomplished by adjusting the gas pressure, the chamber sizes, or 
the collecting voltages. 

Figure 9—4 1s a schematic diagram of a gamma-compensated ion chamber 
incorporated in a measuring circuit. The space between plates 1 and 2 
forms one chamber while that between 2 and 3 forms the other. If the 
volumes and pressures are properly adjusted, the net current will be zero 
when the chambers are exposed to a uniform gamma flux in the absence of 
neutron radiation. Therefore the net current which is measured by the 
electrometer is due to neutrons only. 

Figure 9-5 is a drawing of a gamma-compensated ion chamber which is 
used in the Materials Test Reactor at Arco, Idaho. Although the sensitive 
portion of the chamber is only about 6 in. long, the total length of the cham- 
ber is 36 in. Thus the cables from the chamber are far removed from the 
region of high neutron flux. The electrodes consist of three graphite cups. 
The position of the inner cup is adjustable so that the compensating volume 
is variable. This adjustment is needed particularly when there is a gradient 
in the gamma flux. The chamber which is sensitive to neutrons has a B'° 









NEUTRON-DETECTION METHODS 267 









of cables and connectors ogjustment by screw driver 


through cop 


Voltage cables from HV. Gas exit fo gas monitor 

power supply an through RG-62/U cable 
oa ™ 

+600v regulated / Oufput -current leod 

—300v adjustable . ; 

. a Nitrogen-gas inlet 
Magnesium alloy Ul Ree through RG-62/U cable 
Neutron -absorbin Ls) Raph 
material for prarecran b> BIEN Threaded screw for y-volume 

aa 


aS 
TS 


a 
ig 
SET 


Lae 
eer Oj 
WAR 


vw 
% 


ws 
ON 


err 


Aluminum os 





pel 
‘J 






a 
ay 


’ on 
é 
Lite eee ee 


Negative voltage connection 
and gos channel fo negative 
volfage connector 


rb 
! 


Gas-tight seal - 
(O-ring gasker) 


Fd ase hnba dia 


Insulator \bokelire) 


Electrical connection from 
oufput-current coble shield 
fo graphite core 


Magnesium alloy 















1S 


Quarte-tubing insulotion 
covering magnesium rod 


Joo ei tedigiacidsetitiiikit 


tx 
EE 
TESS 55S _ 
Y> ass bad 
ly dd dd iad / 4 if) 
A { ee 
5 ac eee ee 
e p | om oe 
ITT ZI AS 
me a. 
SS a 
Nene -= 


A) 
——> f 


Quortz-tubing insulation 


‘ eer | / 
Graphite core insulated covering Pb wire 


from mognesium casing 


enereney- 


Ly 


Quarrz insulator spacer 


) 





Seed 
s 


° 
(ahenl_ SPT 
. dl 


y 
KS 
Th 


Quartz insulator pins 


Pen 
ae 


a dt 
- 


y-volume adjustment fo 
equolize y effect on the 
two volumes 


Negative -volfage electrode 
(graphite) 







PyrrrrIs sy tt ttt 


Compensating y-volume Output-current electrode 


(grophite) 





SS 


r 
at 
) 
ty ol 
S 5 
TTT EY e 
D 
bd hdd ddl 


ee 


Boron-coared surfaces of 


neutron-sensitive volume Positive-voltage electrode 


(graphite) 
Principal source of neutrons 
Legend 
I Flux ronge; through 6 decades 


2 Current range; max 10™4. min !0"°amps 
3. Sensitivity 10-4 amp per nv 


Fie. 9-5. Gamma-compensated ion chamber used in the Materials Test 
Reactor. (From “The Reactor Handbook,”’ vol. 2, p. 960, U.S. Atomic Energy 
Commission Document, McGraw-Hill Book Company, Inc., New York, 1955.) 


lining. The instrument can be used at least over a 10°-fold range of neutron 
flux, and the corresponding current range is from 10 to 10—° amp. 

As an alternative, the gamma compensation can be accomplished elec- 
trically; the construction details of this type of chamber are shown in Fig. 
9-6. This chamber is circular in cross section. The center electrode, which 
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is part of the gamma-compensating volume, is shaped to produce a weak 
electric-field region so that the slope of the current-voltage characteristic 
is greater in the gamma-compensating volume than in the neutron-sensitive 
volume. Provided that the compensating volume is slightly larger than the 
neutron-sensitive volume, a combination of applied voltages can be found 
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Fria. 9-6. Cross section of an electrically compensated ion chamber. 
[From H.S. McCreary, Jr., and R. T. Bayard, Rev. Sct. Instr., 25:161 
(1954).] 


at which gamma compensation results. A chamber of this type, filled with 
nitrogen at 1 atm, was found [5] to have a sensitivity of 4 KX 10— amp per 
unit thermal flux. 


9-8. Fast-neutron Detection by B' Counters 


Because of the drop in the cross section for the B'°(n,a) reaction with an 
increase in the neutron energy, the sensitivity of the base B’° counter is 
quite small for fast neutrons. Considerable improvement can be realized 
by enclosing the counter in a neutron moderator in such a way that the 
neutrons are slowed down before entering the counter tube. However, the 
efficiency of such an arrangement is usually dependent on the source energy 
and the detector-source geometry. These factors make the interpretation 
of measurement quite difficult, particularly when the source has a hetero- 
geneous energy distribution. 

Hanson and McKibben [6] have devised moderator-tube arrangements in 
which the efficiency is essentially independent of energy from about 10 kev 
to about 3 Mev. This detector system is known as the “long counter,” 
because of its long range of flat response. One of the “long-counter’’ de- 
signs is shown in Fig. 9-7. 

In the use of the “long counter’ the neutrons enter from the open end 
of the counter. The counts which occur come largely from thermal neutrons 
in the case of both fast and slow incident neutrons; that is, the counts which 
the fast neutrons produce come largely after the neutrons are slowed down 
by the moderator. The slow neutrons do not penetrate far into the paraffin, 
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on an average. Some of them are scattered back out of the paraffin. Their 
reactions with the counter occur largely near the entrance end of the detec- 
tor tube. The holes in the front face of the paraffin serve to increase the 
efficiency for slow neutrons by reducing the number of neutrons which are 
backscattered by the face of the paraffin. 

On the other hand, the fast neutrons penetrate the paraffin much farther 
before they are slowed down and cause a count by entering the detector 
tube. Also, some of the fast neutrons will escape through the sides of the 
paraffin. The several factors mentioned here combine in such a way as 
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Fig. 9-7. ‘Long counter’’ designed by Hanson and McKibben. 
[From A. O. Hanson and J. L. McKibben, Phys. Rev., 72:673 
(1947).] 


to make the efficiency independent of neutron energy. The layer of boron 
trioxide is added to reduce the background due to the neutrons which enter 
in directions other than through the front face of the counter. The absolute 
sensitivity of the counter is such that it gives about one count for 10° neu- 
‘trons emitted isotropically from a source 1 m from the face. 

Nobles et al. [7] have reexamined the energy dependence of the “long 
counter.’’ They have reconfirmed the general flat response but have dis- 
covered local fluctuations at 2.08 and 2.99 Mev. These are believed to be 
due to resonances in carbon scattering. 


FISSION CHAMBERS 
9-9. Fission Reaction for Neutron Detection 


The fission reaction, so basic in many aspects of nuclear science and 
engineering, is important also in nuclear-radiation detection. In these 
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applications use is made either of the kinetic energy of the fission products 
or of their resulting radioactivity. The ionization produced as the fission 
products are brought, to rest is utilized extensively in ionization and pro- 
portional chambers, here designated as fission chambers; the fiss:on-product 
radioactivity is employed as discussed in Sec. 9-15 under the category of 
foil detectors. : 

A number of factors contribute to the utility of fission chambers. The 
wide choice of fissionable materials allows the selection of the energy de- 
pendence and of the efficiency. The large energy released per reaction 
makes it possible to discriminate against much larger fluxes of gamma rays 
than with detectors employing the (n,qa) or similar reactions. This latter 
property makes the fission chambers particularly useful for the measure- 
ment of the small values of neutron flux which are present in the start-up 


TABLE 9-1. APPROXIMATE VALUES OF FAST-FISSION THRESHOLDS 


Threshold, Threshold, 
Material Mev Material Mev 
Uns 1.45 Th? 1.75 
Np" 0.75 Pa2? 0.5 
Bix 50 


and shutdown of a reactor. These neutron fluxes are accompanied by large 
gamma-ray fluxes so that the discrimination is very important. For this 
type of application B'° chambers are unsuitable. 

Fission chambers containing the thermal-fissionable nuclei U?¥, U2, or 
Pu”® are efficient thermal-neutron detectors. Their cross sections follow 
more or less a 1/v dependence so that the considerations in Sec. 9-4 con- 
cerning the relationship between reaction rate and thermal flux apply 
here as a crude approximation. 

Materials which are fissionable by only fast neutrons are useful for fast- 
neutron counting, particularly when it is desirable to discriminate against 
slow and intermediate-energy neutrons. All energies below the threshold 
are excluded from the counting. Table 9-1 lists several fissionable materials 
of interest for fast-fission chambers, along with their threshold energies. 

Ordinarily the fissionable materials are incorporated into the chambers 
in the form of thin foils rather than as gases. The gaseous fission com- 
pounds have been found to be poor counter gases because of excessive nega- 
tive-ion formation and corrosion. 


9-10. Examples of Fission Chambers 


Various authors have discussed the construction and characteristics of 
fission counters [8-12]. Three of these detectors will be described here. 
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the counter is milled from cold-rolled steel in two sections. When properly 
hand-soldered together, this steel provides the necessary strength for con- 
taining the filling pressure of 4 atm of argon. The electrode, a 0.021-in.- 
thick stainless-steel plate supported by a hermetical seal, is coated with a 
thickness of 100 ug/cm? of the fissionable material. The chamber dimen- 
sions and gas pressure are such that the heavily ionizing fission fragments 
expend a large amount of their energy in the gas. Most of the longer-range 
alpha particles from the natural activity of the fissionable material expend 
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Fic. 9-9. Construction of a miniature fission chamber. [From R. G. Nobles 
and A. B. Smith, Nucleonics, 14:60 (January, 1956).] 


the larger part of their energy in the chamber walls, and pulse pile-up of 
high-alpha activity is minimized. The sensitivity of the counter, of course, 
depends on the fissionable material which is used and the energy distribu- 
tion of the flux. A typical value of efficiency is 2 * 10- count/sec per unit 
neutron flux for a virgin neutron spectrum with an electrode coating of U*. 


PROTON RECOIL 
9-11. Introductory Considerations 


The most widely used methods for the detection of fast neutrons involve 
the (n,p) scattering process. By this process the neutrons give at least part 
of their energy to protons, and the ionization and excitation which the latter 
produce make possible the detection. 

The use of the (n,p) scattering has the advantage that the cross section 
is relatively large (see Fig. 1-18), and its variation with energy is well 
known. A serious disadvantage is the fact that the proton energy ranges 
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from 0 to E, for a neutron energy of E,. However, this range of energies 
can be taken into account in the interpretation of measurements, and ac- 
curate results can be obtained. 

If © is the angle between the incoming neutron and the recoil proton, 
measured in the laboratory coordinate system, then the proton-recoil 
energy E can be shown to be [13] 


E = E,cos? 9 (9-12) 


where E, is the neutron energy before the collision. For neutron energies 
below 10 Mev, the scattering is isotropic in the center-of-mass coordinate 
system. From this condition it can be shown that all neutron energies 
from E, to 0 are equally probable after a single scattering. That is, if 
monoenergetic neutrons of energy E, are scattered, the probability p(E) dE 
that their energy will lie between E and E + dE after scattering is 


dE 
p(B) dE = =~ (9-13) 
If a region contains Nr protons in a uniform flux of monoenergetic 


neutrons with energy E,, the number of recoil protons per unit time is 
Recoil protons per sec = Nrdz.o(E,) (9-14) 
where o(E,) is the cross section for the scattering of neutrons of energy E, 


by a proton. The number of protons produced per unit energy range, desig- 
nated as N,(£), is obtained from the product of Eqs. (9-13) and (9-14) as 


o(E,) 
E, 





N,(E) dE = Nr@,, dE (9-15) 

To obtain the relationship between the neutron flux and the detector out- 
put, one must consider the contribution of the spectrum of the protons as 
given by Eq. (9-15) to the detector response. This will be discussed for 
both the pulse chamber and the current chambers in the following sections. 
Similar considerations apply for scintillation detectors, nuclear emulsions, 
and other systems employing the proton-recoil phenomenon. 


9-12. Pulse Chambers Employing Proton Recoil 


The hydrogen which 1s required for the proton-recoil counters can be in- 
troduced either in a solid or gaseous form. Suitable solid materials include 
paraffin, polyethylene, and glycerol tristearate. These materials, referred 
to as radiators, serve as the source of the protons which enter the sensitive 
region of the detector. For gaseous chambers, hydrogen gas can be used. 
It has the disadvantage of a small stopping power for the recoil proton. 
This situation is improved by the use of a mixture of hydrogen with a heavy 
noble gas such as argon, krypton, or xenon. Heavy hydrogenous com- 
pounds such as ethane and methane are used also. The latter are not satis- 
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factory for chambers operated under pulse conditions requiring positive- 
ion collection; the ion mobility is too small. 

If one assumes that the pulse height produced in the detector by each 
recoil proton is proportional to the proton energy, one can write an expres- 
sion for the counting rate. When used with an electronic counter which 
accepts all pulses produced by protons with energy greater than a threshold 
value Er, the counting rate C(E,,Er) for neutrons of energy E, is 


Sa 





En 
C(E,,Er) = J N,(E) dE = Nro,, 
T 
Here Eq. (9-15) has been used for the distribution in energy N,(E) of the 
recoil protons. The sensitivity of the detector is 
C(E,,Er) _ = an 


En 


(E, — Er) (9-16) 


Sensitivity = Nro(E,) (E, — Er) (9-17) 

The threshold energy is usually about 0.1 Mev since pulse heights lower 

than this cannot be readily distinguished from those produced by back- 
ground gammas. 

To investigate the dependence of the sensitivity on neutron energy, one 

can approximate the energy dependence of o(E,) by the 1/v law; that is, 

Er\" 
o(E,) ~ o(E?r) E. (9-18) 


This is a fair approximation for neutron energies from 0.1 to 10 Mev. Using 
this, the sensitivity in Eq. (9-17) becomes 


Er\"*(E 
Sensitivity = Nro(Er) (E: ") (= — 1) (9-19) 


Figure 9-10 is a plot of this sensitivity normalized at the maximum value. 
It is seen that it is relatively independent of energy over a wide range. For 
example, if Er is 0.1 Mev, the sensitivity would not be expected to vary by 
more than 25 per cent over the range of neutron energies from about 0.15 to 
1 Mev. 

Example 9-3. Estimate the sensitivity of a proton-recoil counter with a sensitive 


volume of 100 cm? containing hydrogen gas at 2-atm pressure. 
Solution. The sensitive volume contains Nr protons, where 


Nr = (2.68 X 10!*)(2)(2)(100) = 1.07 X 10® protons 
since there are 2.68 X 10 molecules/cm? at normal temperature and pressure. If 
' Er is taken as 0.1 Mev, o(E7) is 13 barns, from Fig. 1-18. By Eq. (9-19), the sensitivity 
is 
o,e 8 Er 3$ E, 2 —%4 -% 
Sensitivity = Nro(E7r) E. me 1) = (1.07 X 1072)(13 & 10-*4)(3)-74(3 — 1) 


= 0.05 at the maximum value z = 3 
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The above calculation is indicative of the order of magnitude of the sen- 
sitivity of this counter type. It 1s seen to be quite low compared with that 
of B'° counters for thermal neutrons. 

The condition that the pulse height be proportional to the proton-recoil 
energy is quite hard to meet in practice. The major difficulty is the wall 


Relotive sensitivity 





Fie. 9-10. Relative sensitivity of a pulse-type proton-recoil 
counter under the assumption that the pulse height is propor- 
tional to the proton energy; E, is the neutron energy and Er is 
the amplifier threshold energy. 


effect. Recoil protons which are produced nearer to the wall than their 
maximum range in the chamber gas may hit the wall and dissipate part of 
their energy in it. In this event the pulse height is reduced. 

The range of recoil protons in standard air and in paraffin is given in 
Table 9-2 for several energies. It is clear that, particularly for high-energy 


TaBLE 9-2. Some TypicaL PROTON-RECOIL RANGES 


E;, Range, Range, 
Mev cm of standard air mg/cm? of paraffin 
1 2.3 3.2 
2 7.1 9.7 
5 34 47 
10 115 160 
15 238 330 


protons, many protons will strike the chamber wall in a reasonable-size 
chamber. The wall effect can be minimized by the use of high pressure and 
heavy gases. For example, in a mixture of 5 atm of krypton and 4 atm of 
hydrogen, the range of 2-Mev protons is only about 1 cm. If this gas were 
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used in a chamber with dimensions of several centimeters, the wall effect 
would be negligible for neutrons of energy up to at least 2 Mev. 

If the pulse heights are to be proportional to the proton-recoil energies, 
not only must the protons dissipate their entire energy in the chamber gas, 
but also the collection of the ionization must be accomplished properly. 
The relationship between the pulse height and the ionization was discussed 
in detail in Chap. 4. The proportionality is maintained if both the positive 
and negative ions are completely collected. This type of operation, known 
as ion-pulse, is limited severely in the maximum counting rate. When the 
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electrons only are collected, the re- 
solving time is much less. However, 
only particular types of electron- 
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1.0 pulse chambers maintain the re- 
a quired proportionality between pulse 
05 k height and ionization; these are pro- 
portional counters (see Chap. 6) and 
7 \ gridded ionization chambers (see 
0 10 20 30 40 Chap. 4). 
Pulse height A 


Skyrme, Tunnicliffe, and Ward 
(14) have described a proportional 
counter for the measurement of neu- 
tron flux in the energy range 0.1 to 
1 Mev. In this development, end 
and wall corrections are calculated. 
The counter has a sensitive region 2 
in. in diameter and 6 in. long and 1s operated at 1-atm pressure of hydrogen 
or methane. It is especially designed to simplify the end and wall correc- 
tions. With this detector, monoenergetic neutron fluxes can be determined 
to an accuracy of better than 5 per cent. Figure 9-11 shows a comparison 
of the experimental and the calculated pulse distribution for this detector 
with a neutron energy of 910 kev. The solid line is the computed curve. 
The agreement is found to be quite good over most of the range. It is in- 
teresting to compare the pulse distribution in Fig. 9-11 with the constant 
distribution which would be predicted by Eq. (9-15) for no wall effect. 


Fic. 9-11. Comparison of the experimen- 
tal differential pulse distribution with the 
computed distribution for the Skyrme et 
al. proportional counter. [From T. H. R. 
Skyrme, P. H. Tunnicliffe, and A. G. Ward, 
Rev. Sct. Instr., 23 :204 (1952).] 


9-13. Characteristics of Proton-recoil Pulse Chambers 


It is clear from the preceding discussion that the characteristics of proton- 
recoil counters depend on many factors. As a consequence, it is not pos- 
_sible to make general statements concerning such characteristics as the 
efficiency, energy response, and directional properties. Instead, detailed 
discussions on specific proton-recoil counters must be consulted. Rossi and 
Staub [13] have discussed several different counter designs. 

The proportional counter designed by Hurst, Ritchie, and Wilson [15] 
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will be discussed as an example. This 
counter is shown in Fig. 9-12. Its re- 
sponse to a collimated beam of neu- 
trons is such that the number of counts 
produced is approximately propor- 
tional to the dose received by the tis- 
sue in the neutron-energy range from 
0.2 to 10 Mev. 

The hydrogenous materials are pres- 
ent in the counter in three forms: (1) 
methane gas to 13.2 cm Hg, (2) a thin 
polyethylene radiator (13 mg/cm?) for 
low-energy neutrons, and (3) a thick 
polyethylene radiator (100 mg/cm?) for 
high-energy neutrons. Argon gas at 30 
cm Hg is added to decrease the range 
of the recoil protons. The energy re- 
sponses of the three sources of protons 
combine in such a way as to give the 
desired over-all response. 

Figure 9-13 gives the contribution 
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Fig. 9-12. Fast-neutron counter tube. 
[From G. S. Hurst, R. H. Ritchie, and 
H. N. Wilson, Rev. Sct. Instr., 22:981 
(1951).] 


of each of the three proton sources to the response for a range of neutron 
energies. These curves assume that all protons having greater than 0.2-Mev 
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Fic. 9-13. Relative integrated count 
rate versus neutron energy for thin 
hydrogenous radiator (curve 1), hydrog- 
enous gas (curve 2), and thick hydrog- 
enous radiator (curve 3). [From G. S. 
Hurst, R. H. Ritchie, and H. N. Wilson, 
Rev. Sci. Instr., 22:981 (1951).] 


energy upon leaving the radiator are 
counted. The thin-radiator response 
drops at the low energy because of 
the proton-energy absorption in the 
radiator and at the high energy be- 
cause of the decrease in the cross sec- 
tion for the scattering. The response 
for the gas follows Eq. (9-17), with 
Er = 0.2 Mev. The contribution of 
carbon recoils is neglected. The re- 
sponse of the thick absorber is negli- 
gible at low energies because of the 
high absorption of the protons. It 
makes a contribution only as protons 
from within the radiator can add their 
contribution to that from the surface 
layers. It will be observed that the 


surface area of the high-energy radiator is much less than that of the low- 


energy radiator. 


Figure 9-14 shows the measured-sensitivity curve versus energy along 


278 


with the curve for tissue dose per unit neutron flux. 
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It is seen that the 


response of the counter matches quite well the tissue-dose curve. There- 

fore the count rate can be taken as proportional to the tissue-dose rate. 
From Fig. 9-14 the sensitivity 1s seen to be about 1.5 K 10-? count/sec 

per unit neutron flux from 12 down to 6 Mev and to drop to 0.8 « 10-? 
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Fic. 9-14. Measured response (plotted 


points) and normalized tissue-dose curves 
(solid curve) versus neutron energy for the 
Hurst counter. [From G. S. Hurst, 
R. H. Ritchie, and H. N. Wilson, Rev. Sct. 


around 1 Mev. This counter has 
the ability to discriminate against 
gammas. For the condition under 
which the sensitivity curve in Fig. 
9-14 was taken, a 25-millicurie ra- 
dium source placed at 5 cm from the 
end of the counter produced a count- 
ing rate of only 4 counts/sec. This 
corresponds to a gamma-dose rate 
of about 3 r/hr. 

It should be stressed that the re- 
sults given here are for neutrons 
traveling along the axis of the 
counter. The response at a direc- 
tion perpendicular to the counter 
drops to one-half. 


Instr., 22:981 (1951).] Bae bie oe 
— The predictions of the sensitivity 


of a proton-recoil counter to a polyenergetic-neutron source would require 
knowledge of both the variation of the counter response with energy and 
the energy spectrum of the neutron source. Unless this information is 
available, specific calibrations are required. As an example, Reddie and 
Whipple [16] have described a simple fast-neutron counter useful for health- 
physics measurements. The counter is a 5.25-cm-diameter chamber 30 cm 
long with a 0.001-in.-diameter tungsten wire as a cathode. When operated 
with 1 atm of methane, with a radium-beryllium neutron source, the counter 
has a sensitivity of 0.04 count/sec per unit neutron flux. The unit is insen- 
sitive to gamma radiation up to dosage rays of at least 20 r/hr. 


9-14. Mean-level Ionization Chambers with Proton Recoil 


For sufficiently large neutron fluxes, the current in an ionization chamber 
containing hydrogen can be measured. If, again, the ionization produced 
in the chamber by each recoil proton is proportional to the proton energy 
and if the contributions from recoils other than protons are neglected, an 
idealized expression for the saturation current can be written; from Eq. 
(9-15) one obtains 


E. 
I= — J EN,(E) dE = 5 N rbs.o(En) E. (9-20) 
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In this expression, e is the electronic charge, and w is the energy required 
per ion pair produced. Using Eq. (9-18) to approximate o(E,) and sub- 
stituting numerical values, 


4g 
I(amp) ~ 3.2 X 10-®N rdg. eS E, (9-21) 


where E, is the neutron energy in Mev. 


Example 9-4. Compute the current sensitivity of a mean-level ionization chamber 
for 1-Mev neutrons if the chamber has a volume of 1,000 cm? and contains hydrogen 
under conditions of normal temperature and pressure. 

Solution. The number of hydrogen atoms Nz in the chamber is 


Nr = (2.68 X 10'*)(10*)(2) = 5.36 X 10” 
By Eq. (9-21) the current sensitivity is 
or = 3.2 X 10-*N7r(0.1E,)4 =~ (3.2 X 10-*)(5.36 X 10%)(0.1) > 
" = 5.5 X 10-'* amp per unit flux 

In general, the above results must be modified for wall effects. However, 
these may be essentially eliminated by the use of the Bragg-Gray principle 
if the chamber walls and gas have the same chemical composition. For ex- 
ample, Rossi and Failla [17] have discussed tissue-equivalent materials for 
use as gas and wall materials. 

Another Bragg-Gray chamber designed by the British has been described 
by Rossi and Staub [13]. Figure 9-15 shows this instrument. The chamber 
is filled with ethylene (C,H,), and the walls are coated with polyethylene or 
paraffin to a thickness greater than the range of the most energetic protons 
in the chamber. The coating is made conductive by a thin layer of silver. 

Both the hydrogen and the carbon atoms undergo recoil in these cham- 
bers. The contribution of the hydrogen to the current is given by Eq. 
(9-21). The contribution of the carbon is given by a similar expression, 
that is, 


I, = “Nerbs,oe(En) Ei (9-22) 


where E-. is the average energy of the recoil carbon atoms. 

Usually gamma rays accompany neutron radiation. As with the B® 
chambers, compensated ion chambers (see Sec. 9-7) are used to separate 
the effect of the neutron flux from that of the gamma flux. A novel method 
of eliminating the gamma flux has been used with the chamber in Fig. 9-15. 
Two identical chambers are made, one as described above and one with the 
hydrogen replaced by deuterium in both the gas and the wall coating. With 
identical gamma and neutron fluxes, the contributions of the gamma rays 
and the recoil carbon atoms to the current are identical to both chambers. 
The difference current is given by 
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Al = $5,°.Nr Bl u(E,) = : co(Es) | (9-23) 


where on (E,) and op(E,) are the scattering cross sections of hydrogen and 
deuterium, respectively. The quantity 4 X 86E, is the average energy of 
the recoil deuterium nuclei. 
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Fia. 9-15. Proton-recoil current ionization chamber for ab- 
solute flux measurement. (From B. B. Rossi and H. H. Staub, 
“‘Tonszation Chambers and Counters,’ chap. 9, National Nuclear 
Energy Series, div. V, vol. 2, McGraw-Hill Book Company, Inc., 
New York, 1949.) 


A compensated recoil-proton chamber for the measurement of fast- 
neutron intensity has been described by Gamertsfelder [18] and by Ray 
[19]. This instrument, consisting of twin ionization chambers mounted 
with a yoke between them, is called ‘Chang and Eng’ in the National 
Laboratories; Fig. 9-16 is a schematic diagram of this instrument. The 
chamber containing methane is sensitive to both gammas and neutrons, 
while that containing argon responds to gammas only. The chambers, 
constructed of )4-in. brass, are each 6 in. long and 3)% in. in diameter. The 
detector is a Lindemann electrometer (see Chap. 4) operated by the rate-of- 
drift method. Adjustment for the gamma compensation is obtained by 
placing the instrument in a neutron-free gamma flux and varying the pres- 
sure until no deflection of the galvanometer occurs. The pressures are ap- 
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proximately 27 lb/in.? of argon and -440volts +440 volts 
50 lb/in.? of methane. The maxi- 

mum permissible dosage rate of fast 

neutrons produces a charging rate of Methone Argon 

the electrometer of about 0.02 volt/ 

sec. 


NEUTRON DETECTION 
BY INDUCED ACTIVITY 


9-15. Introductory Considerations 


It occurs quite frequently that Oeiec(oneler 
transmutations induced by neutrons ne 9-16. haar aN ee 
. : ° the measuremen -neutron flux. 
have radioactive species as product aes a a Ray, U. , ae ne 
nuclides. The activity of the prod- Gm Document. A ECD-2357, 1944.) 
uct radioisotope can often be used 
for the measurement of the amount and energy distribution of the neutron 
flux which induced the radioactivity. A detector employing this principle is 
referred to as a neutron-activation detector. 

In neutron measurements by induced activity, the stable material is 
exposed to the neutron flux for a measured period of time. Following the 
irradiation, the material is removed from the neutron field, and a determina- 
tion is made of the activity which has been induced in it. 

Neutron-activation detectors have a number of advantages: 

1. Controlled sensitivity over a wide range. Through the choice of 
materials with different cross sections, it 1s possible to make measurements 
down to low fluxes [less than 1 neutron/(cm?)(sec)] and up to the largest 
values obtainable with a controlled reactor. 

2. Small size. The detectors may be thin foils or small pellets. Conse- 
quently it is possible to introduce them in the medium in which the meas- 
urements are to be made without the introduction of voids. Further, the 
effect of neutron absorption can be made negligible either by the selection 
of the foil or by the application of a small correction. 

3. Activity measurements can be separated from irradiations. Since the 
irradiations are made first and the activity measurements follow at a later 
time, it is sometimes possible to obtain measurements at locations where it 
would be otherwise very difficult or impossible to instrument them. 

4. Selection of desired energy response. The cross section for the produc- 
tion of the radioactivity varies with the neutron energy; different nuclides 
have different response curves. Therefore it is possible to select, within 
limits, materials appropriate for various neutron-energy ranges. Detectors 
using materials requiring neutrons above a certain energy to cause activa- 
tion are referred to as threshold detectors. Detectors which are particularly 
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sensitive to a narrow range of energies because of a resonance peak are 
known as resonance detectors. 

The fact that the measurements by means of induced activity have two 
steps, i.e., the irradiation followed by the activity measurements, makes 
the method unsuitable for certain types of neutron measurements. It 
could not be used, for example, to measure the time dependence of a flux 
which is continually changing; this application requires a detector such as 
an ionization chamber which gives an instantaneous indication of the neu- 
tron flux. : 

The neutron-activation detectors may be used in any form suitable from 
the standpoint of handling during the irradiation and the measurement of 
activity. A common form, particularly for metallic materials, is in a thin 
foil. Such detectors are often referred to as foil detectors. Other forms in- 
clude pellets pressed from powdered material, powder held by plastic films, 
platings on backing material, and liquids. 

The activity measurements are carried out by one of the detection meth- 
ods described in the previous chapters. The sample preparation for ac- 
tivity measurements depends on the form of the material and the type of 
detector. For example, the activity of a foil is commonly measured by 
wrapping it around a thin-wall Geiger-Miiller tube or by placing it in front 
of a thin-window Geiger-Miiller tube. In the case of liquid samples, the 
activity measurements may be made by a dipping counter if the activity is 
sufficiently large or by the evaporation of samples on a planchet for smaller 
specific activities. 


9-16. Relationship between Measured Activity and Neutron Flux 


Consider an activation detector in which the radioactive species of in- 
terest is being produced at arate R. The rate of change of the number of 
radioactive atoms is the difference between the rate of production R and the 
rate of decay or the activity of the detector. Since the activity is the prod- 
uct of the number of radioactive atoms A and the decay constant A, this 
relationship can be written as 

dA _ 

am 
The rate of production R can be expressed by Eq. (9-3), where N is the 
number of nuclides per unit volume of the type being activated and ¢ is the 
cross section for the neutron process which causes the activation. In gen- 
eral, R may be a function of time. However, a very useful case is a con- 
stant &. This assumes that the neutron flux remains constant. It also 
neglects the small decrease in the number of stable atoms N which remain to 
be activated as they are destroyed by activation. Under these conditions, 
the solution of Eq. (9-24) is 


\A = R(1 — e-™) = A,(1 — e™) (9-25) 


5R — A (9-24) 
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where ¢ is measured from the start of the irradiation and the activity is as- 
sumed to be zero at £ = 0. The symbol A, is the saturation activity, i.e., 
the activity approached for an irradiation long compared with the mean 
life 1/X. 

If the activity at the end of the irradiation is A. and a count is made on 
the detector between ¢, and é measured from the end of the exposure, the 
number of counts C totalized will be 


bs 
C = Fe} A.e— dt’ + B = Fe feces —e 4) +B (9-26) 
FT 


The quantity F is a fraction of the total activation detector used for ac- 
tivity determination, ¢ is the over-all efficiency of the counting system, and 
B is the total background counts occurring in the interval ¢; and ¢,. 

Combining Eqs. (9-25) and (9-26), one obtains for A,, the saturation 
activity, 

A(C — B) 

Fe + e—*e)(e4 — e+) 
where ¢é, is the irradiation time. 


For the case in which the neutron flux is constant throughout the de- 
tector, the saturation activity is given by Eq. (9-3) as 


A, = (9-27) 





A, = Nr ff -e(B)0) dE (9-28) 


where Nz is the total number of target atoms in the detector and o.(E) is 
the cross section for activation at the energy E. This equation, taken in 
connection with Eq. (9-27), relates the measurement of the foil activity to 
the neutron flux. 


9-17. Requirements for Activation-detector Materials 


There are several general considerations concerning the suitability of a 
material for use in an activation detector; these can be grouped into prop- 
erties of the detector material and properties of the activation products. 

1. Detector material. The magnitudes of the cross section of the activa- 
tion process and its dependence on energy are important. If the fluxes are 
low, a high cross section is required in order to obtain sufficient activation 
for accurate measurements. On the other hand, in a high neutron flux a 
small cross section is required in order to avoid detector activities so high 
as to be inconvenient for measurement. In addition, it is important to 
consider the energy dependence of the cross section in light of the energy 
range in which the detector is to be used. The material should be available 
without impurities with high-activation cross sections. It 1s desirable if 
its form is such that it can be handled conveniently as a detector. A thin 
foil is a very useful form. 
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2. Properties of the activation product. It is necessary that the radio- 
active product be such that activity measurements can be made con- 
veniently and interpreted correctly. It is desirable that there be a single 
radioactive species in the product. If it is a combination of two or more 
radioactive products, the half-lives should be sufficiently different that the 
activity of the main product of interest can be measured. The half-life of 
the main product should be neither too short nor too long. If it is too short, 
the activity decays too rapidly in transferring it from the irradiation to the 
counting equipment. If the half-life is too long, both the irradiation times 
and the counting times will be excessively long. Half-lives from a few 
seconds to several years have been used successfully. The radiation emitted 
by the product should be relatively high-energy betas and gammas so that 
self-absorption in the detector will not be excessive and activity measure- 
ments can be made conveniently. 

Tables 9-3 and 9-4 list several useful activation detectors along with 


TABLE 9-4. CONVENIENT THRESHOLD DETECTORS 


Effective* 2 Half-life of 
Reaction threshold, ne reaction 
Mev barns product 
1. P®(n,p)Si?). 0.0... 2, 2.5 0.075 2.6 hr 
2. S(n,p)P®............. 2.9 0.30 14.3 days 
3. Mg*(n,p)Na™”.......... 6.3 0.048 15.0 hr 
4. Al™(n,p)Mg”.......... 5.3 0.08 9.8 min 
5. Al? (n,a)Na™®. 0.000... 8.6 0.11 15.0 hr 
6. Ni®*(n,p)Co®........... 5.0 1.23 72 days 
7. Si®(n,p)Al*............ 6.1 0.19 2.3 min 
8. C2(n,2n)CU. ww... 20t ed 20.4 min 
9. Ag'7(n,2n)Agi®......... 9.6T 
10. I (n,2n)I*..... 0.2... 10t ed 13 days 


* Effective thresholds and average cross sections for 1 through 7 calculated by 
P. M. Uthe; see P. M. Uthe, Attainment of Neutron Flux-Spectra from Foil 
Activations, Thesis, Air Force Institute of Technology, Wright-Patterson Air 
Force Base, Ohio, 1957; neutron flux assumed to be the fission spectrum. 

t From B. L. Cohen, Nucleonics, 8:29 (February, 1951); Phys. Rev., 81:184 
(1951). 


some of their more pertinent properties. These are seen to cover a wide 
range of thermal-neutron cross sections, resonance energies, half-lives, and 
threshold energies. 


9-18. Thermal-neutron Detection by Thin Foils 


Neutron-activation detectors are often used in the form of layers suf- 
ficiently thin that the absorption of neutrons in the layers is quite small. 
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These layers may be metallic foils, lacquer films impregnated with the 
detector material, plating on backings of low neutron absorption, or other 
similar arrangements. Detectors of this type may be referred to as thin 
foils. 
The saturation activity in thin foils can be expressed by Eq. (9-28). It 
is often convenient to replace the total number of target atoms Nr by 
Np = tne 
where d,, = thickness of detector material, g/cm? 
W = atomic weight 
A = foil area 
N. = Avogadro’s number 
In detectors used for thermal and resonance neutrons, it is convenient to 
divide the activity into two parts according to whether it is produced by 
thermal neutrons or by epithermal neutrons with energy in the resonance 
peaks. In the thermal region the activation cross section follows the 1/v 
dependence, given by Eq. (9-1). For the epithermal range, o(v) is the 
superposition of the 1/v dependence and a resonance contribution. <Ac- 
cordingly, Eq. (9-28) can be written 


A, = al mee nv) v dy + f 


epithcrma]l 


(9-29) 


ga(v) n(v) v av] (9-30) 


where the first integral is taken over the velocity range of the thermal 
neutrons and the second is over the epithermal range. 
This equation can be rewritten as 


A.= Au + Ase = Nertuvotoa + Ace (9-31) 


where A, and A,, are the saturation activities due to thermal and epi- 
thermal neutrons, respectively, and na is the volume density of thermal 
neutrons. 

The activities due to the two groups of neutrons can be separated ex- 
perimentally by means of the cadmium difference method. The foil is 
sandwiched between cadmium sheets. The absorption cross section of 
cadmium varies with energy in such a way that the cadmium absorbs most 
of the neutrons with energy less than about 0.4 ev (thermal neutrons) but 
passes most of the epithermal neutrons (see Fig. 1-20). Thus the total 
saturation activity induced in the foil protected by cadmium, designated 
as A,(Cd), will be due to epithermal neutrons. However, it will be less than 
Ave, the activity due to epithermal neutrons captured by the unprotected 
foil, because there is absorption of some of these neutrons by the cadmium. 
The correction factor Fca is 


A 


Foca = 4.(Cdy (9-32) 
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This correction factor depends on the type and weight of the foil as well as 
the cadmium thickness. This correction is largest for those detectors which 
have the lowest values for the resonance peak. In the case of indium, the 
correction is several per cent in practice (see next section). 

Combining Eqs. (9-31) and (9-32), one obtains for the activity A. due to 
thermal neutrons 


Aa = A. — FcaA.(Cd) (9-33) 


where A, and A,(Cd) are the saturation activity of the foil without and 
with the cadmium shield, respectively. 

If the foil is truly thin in the sense described above, it produces no effect 
on the neutron flux when introduced into the radiation field, and the pre- 
ceding equations based on no neutron absorption are applicable. However, 
In practice, this assumption is often not realized. In the measurements of 
small fluxes, a foil sufficiently thin to produce no perturbation may not be 
activated sufficiently for accurate counting. Also a thin foil may be too 
fragile to handle. 

The effect on the neutron flux of a foil in which there is a small but not 
neglibible absorption can be treated as a perturbation to the theory dis- 
cussed above for the simple case. The perturbation arises from two causes: 
a reduction of the neutron flux inside the detector due to the absorption by 
the outside layers and a depression of the neutron flux directly outside the 
detector due to the absorption in the foil. The latter effect is present only 
in & medium in which neutron diffusion is taking place. The flux depres- 
sion occurs since the neutrons absorbed in passing through a detector are 
not available to diffuse back to the detector site and bolster the neutron 
flux. The perturbation can be introduced as a correction factor F' de- 
fined as 
_ Abe 
— Au 
where A, is the activation which the thermal neutrons would produce if it 
were not for the flux depression and A,; is the measured activation as given 
by Eq. (9-33). 

Combining Eqs. (9-31), (9-33), and (9-34), one writes the expression for 
the density of thermal neutrons. This is 
A, =v FcoaA,(Cd) 

N 7000 0a 


Fu (9-34) 





nau = Fu (9-35) 
Again as discussed in Sec. 9-4, the thermal-neutron flux can be obtained 
from na by multiplying by #, the average velocity of the neutrons. 

Bothe [23] has worked out the correction factor F,, through the use of 
the diffusion theory. His results for the reduction of the activity in a sphere 
of radius & were 
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a 3RL 
fort Beil forR >) 
wud Pee: Ooi for RK Yer (9-36) 
tr 


In the above expressions, L and Xz, are the diffusion length (see Table 9-5) 
and the transport mean free path, respectively, in the medium outside the 
detector, and @ is the probability that a neutron will be absorbed in a single 
traversal of a detector. For an isotropic flux, 


a = 1 — eF4(1 — Sod) + De2d?Es(— Zed) (9-37) 


where 2, is the macroscopic absorption cross section for the absorber and d 
is its average thickness (d = FR for a sphere). E,(—2Z.d) is the exponential 
| integral of the argument Z.d. Figure. 
os 9-17 is a plot of a versus 2d. The 
quantity 2. should be evaluated at 
the effective energy for absorption. 
In 1/v absorbers and a Maxwell- 
Boltzmann distribution, the effective 
a 0.2 energy is (4/x)kT; its value at 20° is 

0.032 ev. 
Tittle [24] and Klema and Ritchie 
0.1 [25] have shown experimentally that 
the above expression can be used 
0 without modification for an absorber 
0 0.1 02 0.3 04 in the form of a disk of radius R and 

r thickness d. 

Fic. 9-1%7. Average probability of ab- When a detector is placed in a neu- 
porplion tor neutrons in-en tsopropic tux tron beam, the situation is modified 
while passing through an absorber of : 2 
thickness d and macroscopic absorption considerably. The foil produces no 
cross section Eq. flux depression because diffusion is 
absent. The reduction of flux inside 
the detector can be accounted for by Eq. (1-34). The probability that a 
neutron will be absorbed in passing through a detector of thickness d and 
absorption cross section 2, is 1 — e~*«4. Therefore, if 7(E) is the intensity 
of neutrons per unit energy interval, the reaction rate in a foil of area A is 


0.3 


R=A f "I(E)(1 — e-24) dE (9-38) 
For »,d > 1 the detector is said to be black and R becomes 
R(black) = A if: I(E) dE (9-39) 


or simply the product of the foil area and the total beam current. 
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TABLE 9—5. THERMAL-DIFFUSION PROPERTIES OF MODERATORS* 


Density 
Moderator > /em? : L, em Nw, CM 


1.0 2.76 0.425 
0.9 2.42 0.395 
1.1 171 2.4 
1.8 31 2.6 
1.62 50 2.7 





* From C. W. Tittle, Nucleonics, 9:60 (July, 1951). 


9-19. Indium Foils for Thermal-neutron Detection 
Indium foils are widely used for neutron detection. The nuclear reaction 
is 
agin'5 +- on! — yggIn'6 
followed by the radioactive-decay process 
ggin"S — ,Sn'6 + _,¢° 


The radioisotope In"*® has a metastable and a ground state with half-lives 
of 54.1 min and 13 sec, respectively. 

There are other activities which can be induced in In", including those 
resulting from (n,2n), (n,p), and (n,q@) reactions by fast neutrons. In 
addition, the less abundant stable isotopes In' (4.5 per cent relative 
abundance) can have induced activities by both thermal and fast neutrons. 

In spite of the extremely complicated set of periods induced in indium, 
the 54.1-min period can be counted almost exclusively. The 13-sec period 
can be eliminated by waiting a short time between the end of the activation 
and the beginning of the counting. For example, in 3 min the isomeric 
state with the 13-sec period will have only 0.01 per cent of its initial activity 
remaining, while the state with the 54.1-min period will still have 95 per 
cent of the activity it had when the activation was terminated. The 
radioisotopes induced by fast neutrons do not appear under normal con- 
ditions. However, it is well to be aware of the possibility of their existence 
and to account for their presence if necessary. 

Tittle [24] has made measurements of the cadmium correction factor 
Fca for various thicknesses of cadmium as a function of indium-foil thick- 
ness. These results are given by Fig. 9-18. The flux-depression correction 
term F' can be calculated for indium through the use of Eq. (9-36) along 
with Fig. 9-17. 


Example 9-5. Compute the flux-depression correction term for a 3-cm-diamcter 
indium foil of 100-mg/cm? thickness when used in ordinary water. 
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Solution. The quantity Zod is 


tNoo. (0.1) (6.02 X 107)(175 & 10-*) 
>.d mm Ww Sr eee er 


1i8 = 0.092 


where t, N., oa, and W are the foil thickness in grams per square centimeter, Avogadro’s 
number, the indium absorption cross section at 0.032 ev, and the atomic weight of 
indium, respectively. Therefore a is 0.155, from Fig. 9-17. Using the form of Eq. (9-36) 
for R > Ar, one obtains 


af  3RL 1] wisp ih ol, (3)(1.5)(2.76) 
2L2An(R + L) 2 (2) (0.425) (1.5 + 2.76) 

Example 9-5 indicates that the thermal-depression factor may be quite 
a significant correction for indium. An indium foil which is sufficiently 
thin for the flux depression to be negligible is quite fragile to handle. In 
material such as cobalt, which has a much smaller cross section, it is 
possible to employ foils sufficiently 
thin that the flux depression can be 
neglected. In addition, the use of 
the detector matcrial in the form of 
a plating allows one to use quite thin 
foils. 

One may define the sensitivity of 
the foil method of neutron detection 
as the saturation activity induced in 
the foil per unit neutron flux. For 


Fua=i1+ -1] =119 





25 0 
Indium-foil thickness, mg /cm? 


Fic. 9-18. Cadmium correction factor 
Foca as a function of indium-foil thickness 
for various Cd_ thicknesses. [From 
C. W. Tittle, Nucleonics, 9:60 (July, 
1951).] 


thermal neutrons this is given by Eq. 
(9-35) as 

N70. 
1.128F » 


when the activation that is produced 


Sensitivity = (9-40) 


by epithermal neutrons is neglected. 
The average velocity has been taken as 1.128v,, the case for the Maxwell- 
Boltzmann distribution. 


Example 9-6. Compute the thermal-neutron sensitivity of the indium foil described 
in Example 9-5. 
Solution. By Eq. (9-40), the sensitivity is 


Nrova _ (0.10)(7.0 X 0.602) 145 
1.128F 115 (1.128)(1.19) 





Sensitivity = 


= (.4 disintegration/sec per unit neutron flux 


The lower limit of the flux at which indium foils are useful depends on 
the efficiency of the counting equipment, the background counting rate, 
and the accuracy which is required. The practical lower limit is a few 
neutrons per square centimeter per second. 

Most of the applications of indium foils have been to relative measure- 
ments. However, Koontz and Jarrett [26] have made an extensive study 
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of the use of this technique for absolute thermal-flux measurement. They 
estimate that the accuracy of these measurements is 5 per cent. 

9-20. Resonance Neutron Measurements by Thin Foils 


If one defines the ratio of the saturation activities of the bare foil to that 
of the cadmium-covered foil as the cadmium ratio Rca, one may write 


Ast 
Are 


Here the cadmium-covered foil is considered to be corrected by means of 
Eq. (9-32). Using Eqs. (9-30) and (9-31), one can write 


NthVoToa 


f i” oo(E)O(E)dE 





= Rca — 1 (9-41) 


= Rca — 1 (9-42) 


A useful case is that of neutrons slowing down with a 1/E spectrum; 
that is, ¢(E) is given by K/E, where K is a constant. The constant K can 
be found from Eq. (9-42) by replacing ¢(£) by K/E. Thus, 


K 22 n thUoT oa 


(Roa — 1) [7 ol”) aE (9-43) 
The integral in Eq. (9-43) is known as the resonance activation integral. 
Values of this integral have been measured for a number of substances. 
Typical values, taken from the extensive tabulation of Macklin and 
Pomerance [21], are given in Table 9-3. Further discussion of the measure- 
ment of these integrals and of their use has been given by Hughes [27]. 

Equation (9-43) can be used for the experimental determination of K 
and therefore of the neutron flux per unit energy interval in the energy 
region where the 1/E spectrum exists. The measurement of K involves 
the determination of Rca and the thermal-neutron density, as in Sec. 9-18, 
and the knowledge of the resonance activation integral and the thermal- 
activation cross section. 

The activation above the cadmium cutoff can be divided into two 
portions, that due to 1/v absorption and that due to resonance absorption; 
the sum of these two contributions gives the resonance activation integral 
as tabulated in Table 9-3. The theoretical value of the 1/v contribution, 
obtained by evaluating the integral 


f oy dE 
0.4 ev re E E 
iS 0.50 0a. 


It can be seen from Table 9-3 that materials having large resonance 
peaks at low energy have their resonance activation integral determined 
primarily by the resonance phenomenon. For example, in indium where the 
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resonance activation integral is 2,640 barns, the 1/v contribution is only 
0.44 & 145, or 64, barns. Consequently, measurements made with a foil 
of this type are characteristic of the energy at which the peak occurs. This 
property has been utilized [27], for example, in the measurement of the 
slowing-down density at specific energies. 

On the other hand, in materials such as sodium in which the resonance 
peaks are located at high energies, the resonance absorption integral is 
seen to be essentially due to the 1/v absorption. These materials give one 
information characteristic of the entire energy spectrum down to 0.4 ev 
and may be referred to as 1/v absorbers. 


9-21. Threshold Detector Using Induced Actinty 


A number of neutron-induced reactions exist which have a threshold 
energy which must be exceeded before the reaction proceeds. Several of 
these reactions which are useful for fast-neutron detection are listed in 
Table 9-4; included also are the half-life of the radioactive product and the 
approximate threshold energy for the reactions. Lists of some other 
threshold detectors along with a discussion of their uses has been given by 
Cohen [28]. 

For the (n,2n) reactions the thresholds for the reactions can be calculated 
accurately from energy considerations. On the other hand, for the (n,p) 
reactions the thresholds calculated on the energy basis are considerably 
lower than the effective threshold. This difference arises because of the 
necessity of the penetration of the Coulomb barrier by the proton. In 
the usual case, the cross section rises slowly from the energy threshold, and 
the effective threshold can be defined only in terms of a particular appli- 
cation. 

The saturation activity of a threshold detector is given by Eq. (9-28). 
In the case of the P®!(n,p) and the S*(n,p) reactions, there is a fortunate 
occurrence of resonances which cause the cross sections to rise quite 
rapidly and to remain rather constant thereafter. The cross sections for 
many other activation processes are not as simple. In any event, the 
actual cross section can be replaced by an idealized cross section having a 
step rise at the energy Er from zero to a constant value oa, if an assumption 
for ¢(E), the differential energy flux, is made. This is accomplished by the 
relationship 


A, = Neo. f o(E) dE = Nr f[ “Ga(E)6(E) dE (9-44) 


where o,(E) is the actual energy-dependent cross section for the process. 
The value o, is set as the mean value above the threshold, and Er is then 
computed. The values of E77 listed in Table 9-4 have been calculated under 
the assumption that ¢(£) 1s a fission spectrum. 

By the use of two types of foils with thresholds Er, and Ers, the total 
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flux in the energy interval Ey, to Er: can be ascertained from Eq. (9-44). 
Hurst et al. (29] have utilized threshold detectors in this fashion for deter- 
mining neutron spectra. In addition to induced activation as discussed 
above, they have made extensive use of fission threshold reactions as listed 
in Table 9-1. For the latter measurements, the resulting fission-product 
activity was used to determine the flux. By the use of the following 
reactions, histograms representing a complete spectra can be constructed: 
Au and Au plus Cd for the thermal flux; Pu?* shielded with B" for the 
total fast flux*; Np?” for the total flux above 0.74 Mev; U™* for the total 
flux above 1.5 Mev; and S® for the total flux above 2.5 Mev. 

Uthe [30] has discussed the errors that are incurred by applying the 
energy thresholds which are determined under the assumption of the 
fission spectrum to other than the fission spectrum. He has concluded that 
these errors can be quite significant and has developed another method for 
analyzing the data obtained by the threshold detectors. This method, 
known as the polynomial method, utilizes the foil-activation data to 
determine the coefficients of a polynomial in energy. This polynomial is 
the energy-dependent ratio of the actual differential flux spectrum to the 
fission spectrum. 


TaBLE 9-6. THRESHOLD DETECTORS EMPLOYED WITH SCINTILLATORS® 


Minimum de- 


Nuclear Threshold, Detector tectable flux, 
reaction Mev material neutrons / 
(cm*) (sec) 
UOFPND) edit ethan heeds 1.1 Uranium nitrate 6.6 
P#(n,p)Si*............. 2.0 NH,H:2PQ, in “‘phoswich’’ t 200 
S"@(n,p) Poss <scnncia ss. 2.0 Fused sulfur 230 
Ag?"(n,2n)Agi®.......... 9.6 Silver orthophosphate in 350 
“‘phoswich’”’ 

[7 (n,2n)I%............. 10 Nal(TI) crystal 20 
C2(n,2n)CU. owe. 20 Anthracene 2.3 
Bi™(n,f)............06- 50 Bismuth nitrate 





* From F. P. Cowan and J. F. O’Brien, ‘Proceedings of the International Conference 
on the Peaceful Uses of Atomic Energy,” vol. 14, p. 213, United Nations, New York, 
1956. 

t The term “phoswich’’ refers to a slotted scintillator with the detector material 
embedded in the slots. 

In general, the threshold detectors are too insensitive for use in low 
flux levels such as those encountered in health-physics monitoring. Cowan 
and O’Brien [31] have obtained great improvement in the sensitivity by 
the use of scintillation detectors in which the activated materials are an 
integral part of the scintillator. Table 9-6 gives the nuclear reaction, the 


* The use [29] of a 1-cm shield of B' produces an approximate threshold of 0.5 kev for 
the fission reaction in Pu”. 
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d energy, the detector materials, and the minimum detectable 


"he Szilard-Chalmers Reaction 


In neutron detection by induced activity, one can increase the total 
activity in the detector for a given neutron flux by increasing the detector 
size until complete absorption of the neutrons takes place within the 
detector. This increased activity does not necessarily result in a pro- 
portionally larger counting rate in the measuring instrument, because of 
self-absorption of the induced radiation. However, in the event that the 
radioactive product can be separated from the detector material, a large 
gain in the system sensitivity can be realized. 

Chemical separation methods may be possible when the product is a 
different element, as with (n,p) and (n,@) reactions. However, for several 
reactions, for example, (n,y) and (n,2n), a change to a different element 
does not occur. Szilard and Chalmers have devised a technique for sep- 
arating radioactive nuclei, induced by the (n,y) reaction, from their 
isotopic environment. This technique utilizes the fact that the emission of 
gamma rays in the (n,7) process causes a recoil of the product nucleus. In 
some cases the recoil energy is sufficiently large to break the chemical bond 
and thereby change the chemical state of the product nucleus as compared 
with the normal nucleus. In favorable circumstances, 100 per cent sepa- 
ration of the radioactive nucleus can be obtained. 

Specific Szilard-Chalmers reactions and applications of this technique 
have been discussed in the summary by McKay [82]. As an example, the 
Szilard-Chalmers reaction is used widely in connection with the (n,y) 
reaction from manganese. If the manganese is present in a water solution 
of potassium permanganate, the recoil of the Mn*®* forms MnO, which is 
insoluble and can be filtered out. Detectors of this type have been used for 
comparison of the activities of artificial neutron sources. The source is 
placed inside a large container of the potassium permanganate solution. 
The water serves as a moderator for the fast neutrons. Such a system can 
be used with neutron-source strengths as low as 1 neutron/sec. 


SCINTILLATION DETECTORS FOR NEUTRONS 
9-23. Introduction 


Table 9-7 lists existing types of neutron scintillation detectors and 
compares several of their characteristics. The detectors are grouped ac- 
cording to the type of scintillator employed. The reaction by which the 
neutrons produce the energetic charged particles that are required to bring 
about the detection process is listed under the column designated nuclear 
reaction. The composition of the detector is broken down as follows: 
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nuclear host which is the component that is effective in the primary nuclear 
reaction; atomic host, the component to which the charged particles transfer 
their energy; scintillator, the component primarily responsible for the light 
production; and the waveshifter, if present. Under “sensitivity” the 
neutron-energy region to which the detector responds is designated, and a 
comment is made on its gamma-ray sensitivity. 

The proton-recoil process [designated as the H(n,n) nuclear reaction] 
is the basis for most fast-neutron detectors, while the (n,a) reaction is 
widely used in thermal-neutron detection. Other reactions which have 
proved useful include the (n,p), (n,f), and (n,v) processes. 

The central problem in neutron counting by the use of scintillation 
detectors is the discrimination against gamma rays. Except for the gas 
scintillators, this is a much greater problem with scintillation detectors 
than it is with ionization chambers or proportional counters. Because of 
the high density, both the heavy charged particles, alphas or protons, 
released by the neutrons and the secondary electrons released by the gamma 
rays often dissipate their entire energies in the scintillators. Therefore, 
the scintillator outputs for the gamma rays are often at least as large as 
those for the neutrons. In addition, in organic scintillators the efficiency 
of conversion from nuclear energy to light is larger for electrons than for 
heavy particles. For example, in anthracene the conversion efficiency is 
nine times higher for electrons than for alpha particles (see Table 7-1). 

An additional problem is the discrimination between fast and slow 
neutrons in neutron scintillators. The slow neutrons are often captured by 
the organic scintillators used for fast-neutron detection. The resulting 
captured gammas cause the registering of counts due to slow neutrons. 

Various methods which have been devised to reduce the background will 
be discussed in the following sections. These include special scintillator 
designs as well as special electronic circuitry. 


9-24. Neutron Detection by (n,a) Reaction in Scintillators 


The Li® and the B" (n,qz) reactions are used extensively for detection of 
slow neutrons. These reactions are useful because of the large energy of 
the alpha particles which are released and because of the high cross section 
and the simple energy dependence of the reaction. The B'°(n,@) reaction 
was discussed in Sec. 9-3. For the Li*(n,a) reaction the energy released is 
4.78 Mev, the thermal absorption cross section is 945 barns, and the energy 
dependence is 1/v in the thermal and epithermal range. 

Lithium iodide crystals activated with thallium behave, in many respects, 
similarly to sodium iodide crystals activated with thallium; the latter is 
the most widely used scintillator for gamma rays. Hofstadter [40] has 
shown that Lil(T1) does give scintillations with thermal neutrons. The 
pulse heights are proportional to the energy, and the conversion efficiencies 
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for alpha and beta particles are equal. Therefore the neutron pulses being 
produced by 4.78-Mev alpha particles can be distinguished from gamma-ray 
or electron pulses which are generally below about 2 Mev. Schenck [38] 
has reported similar results with lithium iodide activated with europium. 

The efficiency of the Lil crystals is quite high. If the multiple scattering 
of the neutrons is neglected, the efficiency is given by Eq. (1-34) as 1 — 
e ~°N¢d where d is the crystal thickness in centimeters, N is the number of 
lithium atoms per cubic centimeter, and a is the cross section for the (n,a) 
reaction. For natural lithium, N is 1.827 & 10” atoms/cm? and g@ is 71 
barns at 0.025 ev. Consequently a 1-cm-thick crystal is 69 per cent 
efficient, and a 2-cm-thick crystal is 90 per cent efficient for thermal 
neutrons. Thus it is seen that lithium iodide detectors have a great 
advantage over gaseous-type counters with respect to the size required for 
high efficiency. 

Muehlhause [34] has investigated the use of liquid organic scintillators 
containing borates. One satisfactory recipe employs methyl borate in 
terphenyl. The boron compound is found to be an inert material in the 
scintillator and does not affect the fluorescent process. The efficiency of 
this liquid scintillator for thermal neutrons is quite high, approaching 100 
per cent for relatively small cells. A cell 134 in. thick [34] has an efficiency 
of about 90 per cent. 

Even though the liquid scintillators are composed of elements with low 
atomic numbers, there is a significant response to gamma rays through the 
Compton effect. The pulses from gamma rays are often larger than those 
due to neutrons because of the small conversion efficiency of alpha particles 
relative to that of electrons. Thus the principal technical problem is the 
discrimination against gamma rays. 

Bollinger [41] has described a boron-loaded liquid scintillation counter 
which minimizes the discriminator problems. The cell containing the 
scintillator is viewed by four photomultiplier tubes mounted in a circle on 
one side of the container. These tubes are paired by joining the anodes of 
those diagonally opposite, the signal from each pair being independently 
amplified. The electronic system which is used requires coincidence 
between the two amplifier outputs, thus eliminating tube-noise counts. 
Gamma-ray background is minimized by requiring that the sum of the 
amplifier outputs be in a given pulse-height range. 

When a fast neutron enters the liquid scintillator containing boron, two 
light pulses may be produced, one by the protons scattered by the neutrons 
and the other upon the capture of the neutrons by the boron. The two 
pulses should be separated by about 0.5 usec, the time required for the 
capture of the neutron in the boron. Since the individual pulses are quite 
short (around 5 X 10~° sec), they can be resolved. Thus the fast neutron 
can be identified by the appearance of the two pulses. By use of a delayed 
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coincidence circuit (see Chap. 10), the fast neutrons can be separated from 
the gamma rays and the slow neutrons, each of which gives only a single 

pulse. 
Mixtures of boron and lithium compounds with ZnS(Ag) phosphors form 
very satisfactory neutron scintillators. These as well as other mixtures 
are discussed in the following section. 


9-25. ZnS(Ag) Phosphor Mixtures for 
Neutron Counting 


Because of their relatively large alpha- 
beta ratio (a factor important in gamma 
discrimination), ZnS(Ag) phosphor mix- 
tures have found important applications 
In neutron counting. Furthermore, it 
has been established [42] that the princi- 
Dumont 6292 pal decay component of ZnS(Ag) has a 
decay constant of approximately 0.04 
Fic. 9-19. Standard counting geom- —ysec, rather than the 10° sec which was 
etry for the study of various phosphor —_ 6 norted earlier; consequently these mix- 
mixtures. [From P. G. Kooniz, ae 
G. R. Keepin, and J. E. Ashley, tures offer distinct advantages even 
Rev. Sci. Instr., 26:352(1955).] where short resolving times are required. 

Using the standard counting geometry 
shown in Fig. 9-19, Koontz, Keepin, and Ashley [42] have studied the 
following mixtures: 

1. ZnS(Ag) powdered phosphor 

2. ZnS(Ag) + hydrogenous compounds [(n,p) scattering] 

3. ZnS(Ag) + lithium compounds [Li‘(n,a)] 

4. ZnS(Ag) + uranium compounds [U (n,f)] 

The results are summarized in Fig. 9-20. 

Sun et al. [43] have investigated the optimization of a mixture of boron- 
containing plastic and ZnS(Ag) phosphor for a slow-neutron counter of 
high efficiency. The most satisfactory scintillator developed was a molded 
plastic disk consisting of two parts of ZnS(Ag) and one part of a boron 
plastic. The boron plastic was formed by heating a mixture of boric acid 
and glycerol (6:1 weight ratio). A finished scintillator of 1.2-mm thickness 
achieved 33 per cent efficiency for counting thermal neutrons. Ability to 
discriminate against gammas was fair. Figure 9-21, giving the relative 
count rate versus discriminator for both gammas and Po-Be neutron 
sources, is indicative of this characteristic. 

Sun has also discussed [44] the application of this scintillator to the 
photographic detection of neutrons. In this application a 1-mm-thick 
layer of the scintillator is laid on a photographic film of high sensitivity. 





Al retoining ZnS powder 
rings 
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This detector 1s quite sensitive, as an integrated flux of only 250 neutrons/ 
mm? will produce a visible image on the film. 
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Fic. 9-20. Neutron and gamma count- Fic. 9-21. Response of a mixture of 
ing efficiencies, in per cent, versus boron plastic and ZnS(Ag) phosphor to 
particle energy, for various optimum gammas and neutrons. [From K.H. Sun, 
ZnS(Ag) mixtures. [From P. G. Koontz, P. R. Malmberg, and F. A. Peejak, 
G.R. Keepin, and J. E. Ashley, Rev. Sct. Nucleonics, 14:46 (July, 1956).] 


Instr., 26:352 (1955.).] 


9-26. Neutron Scintillation Detectors Employing Proton Recoil 


A ZnS(Ag) hydrogenous mixture consisting of grains of ZnS(Ag) sus- 
pended in paraffin or in plastics such as lucite and bioplastic has proved to 
be [46-48] a relatively efficient fast-neutron detector with low sensitivity 
to gammas. The scintillator developed by Hornyak [46] consisted of 1.5 g 
of ZnS(Ag) in 10 g of lucite, forming a cylinder 1 in. in diameter and 5 in. 
in height. The sensitivities of these scintillators to neutrons and gammas 
are shown in Figs. 9-22 and 9-23, respectively. Detectors of this general 
type, referred to as “Hornyak buttons,” are in wide-scale use for neutron 
dosimetry. 

All organic scintillators will respond to fast neutrons through the recoil 
protons. However, because of the large response of these scintillators for 


300 NUCLEAR RADIATION DETECTION 


electrons, it is impossible to count neutrons with these scintillators in the 
presence of large fluxes except when large energy differences exist. Falk 
[45], using a solution of terphenyl in xylene, has obtained maximum pulse 
heights of Co gammas (1.2 Mev), ThC’”’ gammas (2.6 Mev), and 14-Mev 
neutrons in the ratio 1:1.4:2.4. These gamma pulses could be successfully 
biased out from the 14-Mev neutrons. These systems have found numerous 
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Fia. 9-22. Integral pulse-height spectrum and efficiency 
as a function of the discriminator setting for a “(Hornyak 
button” with various neutron sources. Detector contains 
1.5 g of ZnS (Ag) in 10 g of lucite. [From W. F. Hornyak, 
Rev. Sct. Instr., 23:264 (1952).] 


applications in fast-neutron counting. Typical is the detector described by 
Christie et al. [49]; it is reported to have an efficiency of 5 per cent for 
counting 130-Mev neutrons. 

One ingenious application of organic scintillators has resulted in the 
development [50] of a detector of fast neutrons which is insensitive to 
gamma radiation and for which the detection efficiency is strongly de- 
pendent on neutron energy. The construction of this counter is shown in 
Fig. 9-24. The counting medium consists of spheres of a plastic scintillator 
immersed in nonhydrogenous optically inert material (glass or trifluoro- 
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chloroethylene liquid). The sphere diameter is chosen large enough that, 
for a particular neutron energy, most recoil protons dissipate their energy 
within the scintillator; it must be small enough, however, to prevent the 
pulses of maximum size caused by gamma rays from being in the same 
pulse-height range as those due to the neutrons. Electrons due to gamma 
rays are prevented from traversing more than one sphere by the non- 
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Fic. 9-23. Integral pulse-height spectrum and efficiency 
as a function of the discriminator setting for a “Hornyak 
button” with various gamma-ray sources; same conditions 
as in Fig. 9-22. [From W. F. Hornyak, Rev. Sct. Insir., 
23 :264 (1952).] 


hydrogenous material separating them. Sphere diameters that have been 
used are 1.5, 2.5, 6, and 10 mm for neutrons having energies of 3.5, 4.5, 
7.0, and 14 Mev, respectively. 


9-27. Neutron Scintillation Detectors Employing the (n,vy) Reaction 


Since the simple capture of gammas usually results in the emission of 
three or four gamma rays of a total energy of approximately 8 Mev, the 
incorporation of a high-cross-section thermal absorber in a hydrogenous 
scintillator seems attractive. If most of the gamma energy is dissipated in 
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the scintillator, the resulting pulses 
will be much larger than those from 
the background gammas; the latter 
gammas usually have an energy con- 
siderably less than 8 Mev. There- 
fore it may be possible to discrimi- 
nate between the neutrons and the 
background gammas. 

There are metal-organic com- 
pounds which are soluble in liquid 
scintillators and do but little quench- 
ing. However, their solubilities are 
limited to about 5 per cent, and such 
scintillators have relatively low effi- 
ciencies per unit thickness. 

A direct approach is to place 
plates of absorbing material such as 
cadmium in the liquid scintillator. 
Figure 9-25 is a schematic diagram 
of such a counter described by 
Muehlhause [51]. The discrimina- 
tion against background gammas is 


only partially effective because the partial loss of the capture-gamma energy 
in many cases results in a distribution in pulse size from zero to a maxi- 
mum. Thus to obtain reasonable counting efficiency it may be necessary 
to set the lower discriminator level at a value sufficiently low to allow 
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some of the background gammas to 
pass. 

The experiment for the detection 
of the neutrino which was described 
in Sec. 7-35 used the (n,y) reaction 
for the thermal-neutron detection. 


Schematic diagram of a capture-gamma-ray neutron detector. 


(From C. O. Muehlause, U.S. Atomic Energy Comm. Document BNL 242, 


1953.) 
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In this experiment cadmium propionate was added to an organic scintillator. 

Another interesting application of the (n,y) reaction is to a detector 
with sensitivity primarily to epithermal neutrons. This can be accom- 
plished by encasing a gamma-sensitive scintillator such as an NaI(T]I) 
crystal in a material such as silver with a strong resonance peak for the 


(n,y) reaction. 
—_ i 
9-28. Fast-neutron Scintillation Spectrometers 

The energy of fast neutrons can be measured by making use of the 
relationship between the neutron energy and the proton-recoil energy for a 
given angle, as expressed in Eq. (9-12). By use of a scintillator, the 
proton-recoil energy is obtained. The energy is determined by selecting 
for measurement only those recoil protons accompanied by neutrons which 
are scattered through a fixed angle. 
Figure 9-26 is a schematic diagram of 
such an arrangement. The detectors 
A and B are photomultiplier tubes 
with anthracene scintillators. The 
fast neutron whose energy is to be 
measured enters the detector A. Pro- 
ton recoils within it produce pulses. 
If the neutron is scattered through the Detector A 
angle 6, it may enter the scintillator \ 

B and produce a pulse. The pulses Fic. 9-26. Experimental apparatus for 
produced in detector A enter a coin- the determination of neutron energy. 
cidence circuit after being delayed by 

a time equal to that required for the scattered neutron to travel from 
detector A to B. Consequently, pulses in the detectors A and B corre- 
sponding to (n,p) scattering through the angle 6 will arrive at the coinci- 
dence circuit at the same time. The coincidence of the pulses is required 
for the passage of the pulses from the scintillator A to the pulse-height an- 
alyzer. In this way the primary-neutron energy is obtained through the 
use of Eq. (9-12). 

Draper [52] has described such a detector using two stilbene crystals, 
each 1.9 cm by 3.2 cm in diameter mounted on type 5819 photomultiplier 
tubes. The angle @ was 7/4, the separation between detectors A and B 
was 50 cm, and the distance from the source to detector A was 28 cm. 
For a primary-neutron energy of 14 Mev, the coincidence counting rate 
was 1 X 10 of the neutron-proton coincidence rate in crystal A and 
1 X 10-8 of the neutron-source strength. 

An alternative scheme for the measurement of neutron energies from 
the proton recoils is to select only those proton recoils which are accom- 
panied by epithermal neutrons. This ensures that the recoil proton has at 


Meurae source 
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least 99 per cent of the incident-neutron energies. The epithermal-neutron 
detector described in Sec. 9-27 operates satisfactorily for this application. 

The coincidence requirement in the spectrometers described above not 
only ensures that the correct proton recoils are being used, but it also aids 
in the prevention of background counts from undesirable radiation. 


NEUTRON DETECTION BY NUCLEAR EMULSIONS 
9-29. Neutron-energy Measurements by Nuclear Emulsions 


Nuclear emulsions have found wide use in the measurement of neutron 
energies and in the determination of neutron-energy spectra. Extensive 
reviews of this technique have been given by Rosen [53]. The fact that 
in an emulsion simultaneous measurements can be made of the energy and 
the direction of a particle makes this technique particularly attractive. 
Similar measurements can be made with cloud chambers. However, the 
nuclear emulsions require much less time from the experimental machines 
and the operating crews. In addition, they are much smaller and more 
compact than most other types of detectors. Disadvantages of nuclear 
emulsions for this application are the time required to analyze the necessary 
number of tracks in the nuclear emulsion and the limited accuracy inherent 
in the nuclear-emulsion techniques. 

Several techniques have been developed for the measurement of neutron 
energy and spectra through the use of nuclear emulsions. The choice of 
method depends on several factors such as the degree of collimation of the 
neutrons, the energy region in which the measurement is required, and the 
facilities and time available for measuring the tracks. 

The most commonly used technique is that of measuring the range of 
proton recoils in the emulsion within a small angle from the forward 
direction. This technique requires that the direction of the primary neu- 
trons be known either through collimation or through the fact that the 
neutrons come from a small source placed at a sufficient distance from the 
plate. The emulsion is placed with its surface parallel to the direction of 
the incident neutron. 

Through the use of range-energy relationships in the emulsion (see Fig. 
8-1 and the discussion in Sec. 8-4), the energies associated with the proton 
recoils can be determined. The procedure for measuring the tracks consists 
of selecting a fixed volume in the emulsion and measuring the length of all 
tracks which lie within a fixed angle, usually 15°, of the direction of the 
incident neutron. Care is taken to ensure that the tracks do not leave 
the emulsion. The measurements are placed in small energy groups, and 
the results are expressed as the number of protons per unit energy interval. 

For monoenergetic neutrons the recoil protons have a distribution in 
energy. This is in part because of the fact that the angle between the 
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incident neutron and the recoil proton varies and in part because of the 
straggling in the range of a fixed-energy proton. Nereson and Reines [54] 
have found that the resolution (fractional full width at half amplitude) 
varies from 25 per cent for 0.24-Mev neutrons to 6 per cent for 1.5-Mev 
neutrons. As the energy of the neutrons increases, the relative importance 
of the spread due to the finite angle increases until it makes equal contri- 
butions to that of the proton straggling at 1.5 Mev. 

If N,(E) represents the distribution in energy measured for the proton 
recoils, the corresponding distribution in energy for the incident neutron 


N,(E) is 
N,(B) ~ Y#@®) (9-45) 


where gz is the cross section for the proton-recoil process. 

Nuclear emulsions have been found satisfactory for the neutron energy- 
distribution measurements of neutrons in the energy range from about 
0.5 to 15 Mev. The lower limit arises since the track ranges become too 
short for accurate measurements, while the upper limit comes from a 
practical limit of the emulsion thick- 
ness. The detection efficiency is % Neutron source 
such that, for neutrons of 7 Mev, a | 
neutron flux of 108 neutrons/cm? will 
produce, in 1 mm? of a 200-1 emul- een 
sion, approximately 60 acceptable — scofterer. 
proton recoils which make an angle 
of less than 15° with respect to the 
neutron direction and come to rest 
within the emulsion. 

Another technique suitable for use 
with highly collimated beams is the 
nuclear-plate camera. A schematic 
diagram of such a camera is shown 
in Fig. 9-27. In this arrangement clear 
the proton recoils can be measured @¥/s/0n 
more easily and quickly than those 
produced in emulsions. However, it 
requires that the neutrons be in a 
well-collimated beam of considerable f,, 9-27, Nuclear-plate camera for 
intensity. neutron-energy spectra determinations. 

The neutrons enter through a col- 
limator and strike the hydrogenous radiator, say polyethylene. The thick- 
ness of the polyethylene should be small compared with the range of the 
recoil protons. However, unless the neutron flux is sufficiently high, a com- 





Collimator 


Evacuoted 
chamber 


306 NUCLEAR RADIATION DETECTION 


promise in the thickness is required to obtain sufficient proton recoils. A 
few milligrams per square centimeter of thickness is usually employed. The 
camera is evacuated to prevent the absorption of the protons. The nuclear 
plate is placed at an angle of 10° to the incident-neutron beam. The proton 
produces a track in the nuclear plate, a track length being proportional to 
the energy of the proton. 

All proton tracks to be measured start at the surface of the plate. Con- 
sequently the tracks to be measured can be readily identified. The camera 
is particularly useful for the measurement of high-energy neutron spectra 
where thicker radiators can be used. 

When the direction of the neutrons cannot be determined, it is more 
dificult to measure the neutron energy. One method which has been 
tried uses lithium-impregnated emulsions. The reaction Li*(n,a)H? leads 
to two tracks, one produced by the alpha particle and the other by the 
triton (H*) particle. Through measurement of the ranges of the alpha 
particle and the triton along with determination of the angle between the 
two paths, both the energy and direction of the incident neutrons can be 
determined in principle. 

The technique involving the Li*(n,@) reaction is difficult to apply. It is 
hard to distinguish between the triton and alpha tracks, and in addition 
proton tracks can easily be confused with them. Further, it is difficult to 
determine precisely the point of origin of the tracks of interest. The 
accurate application of this method will require additional development 
work [55]. 


9-30. Neutron-flux Measurements by Nuclear Emulsions 


Nuclear emulsions provide sensitive means for the measurement of 
neutron flux. Methods available for obtaining neutron sensitivity in the 
nuclear emulsions are (1) the use of the neutron-capture or scattering cross 
sections of the nuclides normally present in the emulsions, (2) addition to 
the emulsion of high-cross-section nuclides, and (3) the combination of a 
nuclear emulsion and an external radiator. 

In the normal emulsion the N'(n,p) reaction has a thermal-neutron 
cross section of 1.76 barns. The protons which are produced by thermal- 
neutron capture have an energy of 0.63 Mev which gives a track of about 
7 » in the emulsion. In an emulsion of thickness d, the number of tracks 
per square centimeter of emulsion per unit neutron flux is obtained from 
Eq. (1-37) as 


Number tracks per cm? = Noa,pd (9-46) 


where N is the number of nitrogen atoms per cubic centimeter and on.» 1s 
the cross section for the (n,p) reaction. Taking N as 4.7 X 107 atoms/cm’, 
a value appropriate for NTA film, and an emulsion thickness d of 30 x, 
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one obtains 2.5 X 10-° track/cm? per unit neutron flux. This is a con- 
venient sensitivity for monitoring exposure of personnel to slow neutrons. 
The maximum permissible exposure of 1,800 slow neutrons/(cm?)(sec) for a 
40-hr week gives 2.6 & 108 neutrons/cm? per 40-hr week. This total dosage 
would lead to 6,500 tracks/cm?, which is a convenient track density to 
count. A field of view of 2 X 10-* cm? would have 1.3 tracks, on an 
average. 

A disadvantage of the N(n,p)C™ reaction is the confusion of its proton 
tracks with those caused by the proton recoils of fast neutrons. The 
sensitivity of an emulsion to fast neutrons through the proton recoils 
depends to a large extent on the energy spectrum and the criterion adopted 
for selecting the tracks to be counted. In addition, proton recoils from the 
paper in which the films are wrapped add to the counts. 

Cheka [56], studying the application of films to the monitoring of fast 
neutrons, found 2,500 tracks/cm? produced by 4.96 X 10® neutrons/cm?, 
the maximum permissible exposure of fast neutrons from a Po-Be source in 
a week’s time. The emulsion thickness was 30 yu. This represents a 
sensitivity of 5.6 X 10~ track/cm? per unit neutron flux. 

Emulsions with very high sensitivity to thermal neutrons can be obtained 
by the addition of high-cross-section materials to the emulsion. As an 
example, Kaplan and Yagoda [57] have succeeded in adding 34 mg/cm? of 
boron and 12 mg/cm! of lithium to Ilford emulsions. By utilizing the high 
cross sections of Li® and particularly of B’°, sensitivities as high as 0.94 
track/cm? per unit neutron flux can be obtained in emulsions of thickness 
of 200 ». This corresponds to an efficiency of 0.94 track per neutron passing 
through the emulsion. 

Electron-sensitive emulsions may be sandwiched between materials 
such as cadmium which have high cross sections for the (n,y) reaction. 
In these applications the over-all darkening of the film rather than the 
track density is used as the measure of the neutron flux. 


THERMAL EFFECTS FOR NEUTRON DETECTION 
9-31. Neutron-sensitive Thermopile 


At the high neutron fluxes experienced in nuclear reactors, macroscopic 
physical and chemical effects are available for neutron-flux measurements. 
Neutron dosimetry by the gas evolution from water decomposition has 
been discussed in Sec. 8-25. A neutron-sensitive thermopile is described 
in the present section. 

The operation of the neutron-sensitive thermopile 1s based on the thermo- 
electric effect. When two dissimilar metals are connected as in Fig. 9-28a 
and the two junctions are held at temperatures 7, and 72, respectively, a 
potential difference V which is proportional to the temperature difference 
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appears across the thermocouple. If one junction of the thermocouple is 
coated so that heat is developed in it because of nuclear reactions induced 
by neutrons, the resulting output voltage can be taken as a measure of the 
neutron flux. 

Both fissionable materials, such as U?*, and materials undergoing the 
(n,a) reaction, such as B®, could be 
applied as the coating material. The 






X LS 
: pola S 8 heat produced per unit neutron flux 
- ~ is similar for both materials. How- 
V = 3 ever, U* has the disadvantage of 
3 = § § becoming radioactive after exposure 
= = = S to neutrons. 
Meni 4 S 3 The voltage output can be in- 
i r s = creased by placing several thermo- 


\ couples in series, as shown in Fig. 
om 9-28b. A thermopile consisting of 
n thermocouples in series has an 
a (2) output 7 times larger than a single 
Fic. 9-28. Principles of the neutron- thermocouple. Satisfactory couple 
sensitive thermopile. (a) A_ single waterials are chromel and alumel. 
thermocouple; (6) a three-couple thermo- ; Bar ad : 
Eouple: Since it is necessary ultimately to 
make connections to other materials 
in the measuring circuit, leads such as copper may be connected to the 
thermopile, as in Fig. 9-28b. The junctions to the copper wires are un- 
coated. 

It is to be noted that the output of the thermopile is independent of the 
ambient temperature in which it 1s operated. However, since the separate 
junctions are a finite distance apart, a temperature gradient in the detector 
may cause an output voltage. This effect can be eliminated by careful 
construction. If in the plane normal to the temperature gradient there are 
equal numbers of hot and cold junctions, the effect of the temperature 
gradient is zero. In addition, the junctions of the copper leads to the 
thermocouple material must both be at the same temperature. 

Lapsley [58] has described a compact neutron-sensitive thermopile. It 
consisted of the standard Brown Radiamatic Thermopile designed by the 
Brown Instrument Division of the Minneapolis-Honeywell Regulator 
Company. It was the standard light-sensitive unit so arranged that 
alternate thermal junctions met in the central area. The central area was 
coated with B"; this was applied by mixing the boron powder in porcelain 
cement and placing the mixture on the central area. Fifteen milligrams of 
boron powder were applied as a disk 3.5 mm in diameter and 1 mm thick. 
The thermopile consisted of 10 chromel-constantan elements and developed 
a total voltage of 0.5 mv per degree Centigrade. The unit developed 1 mv 
at a neutron flux of 10" neutrons/(cm?)(sec). It was expected that the 
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sensitivity of this unit would start to drop at fluxes around 10" since the 
accompanying temperature difference of around 200°C would result in 
some heat loss by radiation. 

The B" coating on the junction acted as a neutron sink, absorbing all 
neutrons which entered it. Throughout the life of the detector its sensi- 
tivity fell because of the reduction in the effective area of the junction 
coatings due to the burnout of the boron-10 in the surface layers. Lapsley 
[58] has computed, for the thermopile described above, that at a flux of 
10" burnout will decrease its sensitivity in the order of 1 per cent in 3 years. 

A commercial model* of a neutron thermopile is available. It consists 
of a 21-element thermopile encased in an aluminum tube of 614-in. length 
and %-in. diameter. The thermoelements are made by the welding 
together of no. 28 chromel and alumel wire. The voltage generated by a 
flux of 2 X 10" neutrons/(cm?)(sec) is about 1 mv. The response is linear 
from 10’ to 10 neutrons/(cm?)(sec). The thermopile resistance is only 4 
ohms so that a relatively simple galvanometer can be used to measure the 
output at high fluxes. The unit is insensitive to temperature gradients, 
to gamma radiation fluxes encountered in present reactor designs, and to 
ambient temperature changes from 20 to 400°C. The response time 
constant for a step-function change in slow-neutron flux is in the range from 
5 to 8 sec. 


ABSOLUTE NEUTRON MEASUREMENTS 
9-32. Introductory Considerations 


In many measurements of neutrons, relative rather than absolute values 
are required. These can be made quite accurately, in certain cases to a 
fraction of a per cent. Occasionally the necessity arises for absolute 
measurements of neutron fluxes and of source strength. Accuracy of these 
measurements 1s quite limited, often to several per cent. 

At each laboratory conducting extensive neutron measurements it is 
desirable to have available methods for absolute flux measurements. This 
requires either the use of detection systems of known sensitivity or the 
availability of sources of known strength and fluxes in order that the 
equipment can be calibrated. An example of the need for absolute flux 
measurements arises in the monitoring of neutrons for health-physics 
purposes. 


9-33. Calibration of Standard Neutron Source 


Artificial neutron sources of known strength are quite useful in absolute 
neutron measurements. Sources employing the (a,n) reaction, such as 
radium-alpha-beryllium sources, are suitable. 

A concise explanation of the methods used for the calibration of neutron 

* Nuclear Instrument and Chemical Corporation, model 3782. 
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sources has been given by Feld [59]. The calibration is usually achieved by 
the method of ‘‘space integration.”’ There are many modifications of this 
technique. In this method the neutron source of strength Q is placed in the 
center of a water solution containing a high-cross-section thermal absorber, 
such as boron. The neutrons are slowed down by collisions with hydrogen 
in the water solution. At equilibrium 


Q = 4eN [rar f *m (7,E) oe(E) dE (9-47) 


where r = distance from source 
N = no. of nuclei per cm in medium 
oa(E£) = absorption cross section for neutrons of energy E 
¢(r,E) = neutron flux of energy E per unit energy interval as function of r 
The second integral can be written as ®(r) ¢., where (7) is the total flux 
at r and a, is the average cross section. Thus Eq. (9-47) becomes 


Q = 4xN f “@(r)éer* dr (9-48) 


The quantity ®(r)¢, can be determined by the measurement of the absolute 
flux versus r with a detector having a cross section with the same energy 
dependence as the solution. As an example, if the solution contains a 1 /v 
absorber such as B", a 1/v detector should be used. With a BF; counter, 
the counting rate R(r) at position r is, from Eq. (9-4), 


R(r) = Nb &(r)é (9-49) 


where N77 is the total number of B® atoms in the detector and a; is the 
average cross section of B'®. Combining Eqs. (9-48) and (9-49), one 
obtains 





=e ee rat f R(r) rt dr (9-50) 


In this example the measurement 1s dependent on the known efficiency of 
the BF; detector, as given by Eq. (9-49). 

Since the BF; detectors occupy considerable space, it is difficult to 
determine R(r) through their use. An alternative method is to use acti- 
vation detectors such as indium and manganese. Walker [60] has described 
this technique in detail. 


9-34. Absolute Thermal-flux Measurements 


Through the use of a standard neutron source such as that described in 
the preceding section, it is possible to set up a thermal-neutron flux the 
value of which is known nearly as accurately as the source strength. The 
thermal flux is produced by placing the standard neutron source in a large 
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block of graphite. Such an arrangement is known as a “standard pile.” 
The relationship between the neutron-source strength and the distribution 
of thermal flux in the “‘standard pile’ has been discussed by Hughes [61]. 

The spatial variation of the slowing-down density at the indium 
resonance is determined throughout the pile by the use of indium foils. 
Absolute values are assigned to the slowing-down density through the 
application of the condition that the volume integral of the slowing-down 
density equal the total source strength. The thermal flux is determined 
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Fic. 9-29. Neutron flux and slowing-down-density distribu- 
tion versus distance from the neutron source in the Argonne 
“standard pile.” (From D. J. Hughes, ‘Pile Neutron Re- 
search,”’ by permission of Addison-Wesley Publishing Co., 
Reading, Mass., publishers.) 


from the slowing-down density. Figure 9-29 contains plots of both the 
slowing-down density and the thermal-neutron flux as a function of distance 
from the source for the ‘‘standard pile’ at Argonne. The source strength 
was (5.5 + 0.4) X 108 neutrons/sec. 

The “standard pile” can be used to calibrate the various types of thermal- 
neutron detectors. Consideration must be given to perturbations which 
the detectors make in the flux. If the detector is calibrated in the ‘‘stand- 
ard graphite pile,’’ it can then be used to measure flux in a graphite diffusion 
medium without correction for perturbations. 
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Measurements of thermal-neutron flux versus distance from radium- 
alpha-beryllium sources of known strength have been made in water. The 
expression for thermal-neutron flux is 


h, = QOf(r) 


where Q is the neutron source and f(r) is a function of the distance r from 
the source. Figure 9-30 is a plot of f(r) versus r made from data given by 
Feld [59]. Ifa standard Ra-a-Be source is available, Fig. 9-30 can be used 
to establish known thermal-neutron fluxes. 

When known neutron fluxes are not available for calibration purposes, 
absolute flux measurements can still be made by calculation of the sensitiv- 


NUCLEAR RADIATION DETECTION 


(9-51) 


f(r) 






Anix/O 


CERES 
CON NCE 
J CCOSSES 


O 4 8 12 1% 20 24 28 32 
Distance from source, r(cm) 


Fic. 9-30. Plot of f(r) for an Ra-Be source 
in water. [Data taken with permission 
from B. T. Feld, Article in E. Segré (ed.), 
“Experimental Nuclear Physics,’’ vol. II, 
John Wiley & Sons, Inc., New York, 
1953.) 
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ities of certain neutron detectors. A 
boron-trifluoride-filled proportional 
counter for absolute flux measure- 
ments was described in Sec. 9-5. 
Through measurement of the abso- 
lute activities induced in foils and 
the relationships discussed in Sec. 
9-16, absolute fluxes can be de- 
termined. Photographic emulsions 
with a known content of boron can 
also be used, as discussed in Sec. 
9-30. 


9-35. Absolute Fast-flux Measure- 
ments 


The total fast or uncollided neu- 
tron flux integrated over a surface 
surrounding a standard neutron 
source 1s, of course, equal to the 
source strength Q. Provided that 
the distribution in direction and the 


law for neutron absorption are known, the flux at a given distance from the 
source can be calculated. As an example, the flux at a distance r from a 
point isotropic source of neutrons of source strength Q is 


Q 
P(r) = dn? 
provided that there is no absorption of the neutrons between the source and 
the point in question. The relationship can be used to calibrate detectors. 
It should be kept in mind, however, that the calibration so obtained will be 
accurate only when used in a flux of the same distribution in energy. 
The absolute sensitivity of some proton-recoil counters can be calculated. 


(9-52) 
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matter, the neutron flux which will result in the maximum permissible 
exposure in a given period of time has been determined. 

The principal mechanisms for the interaction of neutron radiation with 
tissue are the p(n,vy)H? and the N"(n,p)C* reactions for slow neutrons and 
proton recoil for fast neutrons. Through the use of Fig. 9-32, measurements 
of the neutron fluxes in the various energy regions can be expressed in terms 
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Fic. 9-32. Conversion from neutron flux to dose rate. 
[From Federal Register, 22:19 (Jan. 29, 1957).] 


of dosage in millirem per hour. When a distribution in energy exists for the 
neutron flux, the dosage rate is 


_ (* o(-) 7 
D={ rey ae (9-53) 


where F'(£) 1s the function given in Fig. 9-32. 

Several of the neutron-detection methods have proved to be particularly 
useful for monitoring neutron radiation and the measurement of neutron 
dosage. These include BF; proportional counters (see Sec. 9-5), balanced- 
type current ionization chambers filled with BF; (Sec. 9-7), foil activation 
(Sec. 9-18), and nuclear-track plates (Sec. 9-29) for slow neutrons, and 
proton-recoil pulse chambers of the Hurst, Ritchie, Wilson type (Sec. 9-13), 
balanced current ionization chambers employing proton recoil (Sec. 9-14), 
neutron emulsions employing proton recoil (Sec. 9-30), and Hornyak but- 
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tons (Sec. 9-26) for fast neutrons. For detailed discussions of neutron 
dosimetry, see the articles by Hurst (63, 64] and by Rossi [65]. 


PROBLEMS 


9-1. Estimate the maximum efficiency of a lithium-lined proportional counter used 
for counting thermal neutrons. 

9-2. If a neutron detector using B'° is employed to monitor a nuclear reactor having 
an average thermal flux of 10° neutrons/(cm?)(sec), estimate the percentage decrease in 
efficiency that will occur because of the neutron depletion of the B® in one week of 
operation. 

9-3. What percentage of 0.3-ev neutrons are transmitted through 0.010 in. of cad- 
mium? Repeat the calculation for 0.025-ev and 1.0-ev neutrons. 

9-4. The following data are taken with a B'-lined neutron-counter tube: the counting 
rate is 374 counts/min when the tube is completely surrounded with 0.040-in.-thick 
cadmium; the counting rate increases to 1,295 counts/min when a window of 7.5 cm? 
is opened in the cadmium shield. Compute the thermal-neutron flux that is incident on 
the window if the efficiency for counting thermal neutrons is 0.03. 

9-5. Calculate the current per unit neutron flux for the PCP neutron chamber de- 
scribed in Sec. 9-7. 

9-6. Calculate the maximum sensitivity for counting 10-Mev neutrons that could be 
achieved in a proportional counter containing a 0.5-mg/cm*thick polyethylene radiator 
with an area of 10 cm’. 

9-7. Compute the saturation activity induced in a cadmium-covered indium foil 
having a thickness of 100 mg/cm? and an area of 7 cm? when placed in a thermal-neutron 
flux of 1,800 neutrons/(cm?) (sec). 

9-8. Compare the sensitivity or the saturation activity per unit neutron flux for gold 
and cobalt foils, both of 100 mg/cm!? thickness, when used to detect thermal neutrons. 

9-9. The cadmium ratio for gold foils in a region containing epithermal neutrons with 
a 1/E distribution is found to be 30. If the thermal-neutron flux is found to be 10! 
neutrons/(cm?)(sec), what is the neutron flux per unit energy interval in the epithermal 
region? 

9-10. Consider P*! used as a threshold detector, employing the P*!(n,p)S*! reaction. 
Calculate the neutron flux that exists above the threshold of the reaction if an S*! activity 
of 1 curie per gram of P*' is obtained in a 2-hr irradiation. The cross section for the 
P®!(n,p)S*! reaction is approximately 75 millibarns. 

9~11. Compute the time required for a decrease of 1 per cent in the sensitivity of a 
B'*-coated thermopile due to burnout of the B" if the unit is operated in a thermal! flux 
of 103 neutrons/ (cm?) (sec). 
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CHAPTER 10 


ELECTRONICS FOR NUCLEAR-RADIATION DETECTION 


The output of most of the detectors which have been described in the 
previous chapters is an electric signal. Therefore there exists a large variety 
of electronic equipment which is used as the measuring apparatus in nu- 
clear-detection systems. For the most part, these electronic instruments 
have been treated only in sufficient detail to ensure an understanding of the 
application of the detection systems. The present chapter is a detailed 
treatment of this electronic apparatus. The major emphasis is on the 
electronic circuits for use with pulse-type detectors. Pulse-type ionization 
chambers, proportional counters, and scintillation detectors are treated as 
examples. The composite characteristics of these detectors are sufficiently 
broad to be illustrative of the other detector systems. 

The chapter is completed with a discussion of some special circuits for 
current-type ionization chambers and other devices, the operation of which 
depends on the time average of the current. The emphasis is placed on 
instruments useful in nuclear-reactor controls. 

Most of the electronic instruments which are discussed in this chapter 
are available commercially. In addition, Elmore et al. [1] have discussed 
the practical aspects of the construction of equipment of this type. 


PULSE SHAPING 
10-1. Nature of the Pulse Input Signal 


The interaction of the nuclear particle with the detector can be considered 
to release a charge at the input of the succeeding electronic circuit. This 
pulse of charge is considered to be the pulse input signal. The nature of the 
final signal after passage through the electronic circuit depends on both the 
characteristics of the pulse input signal and the electronic circuit. 

A typical input circuit for use with a pulse ionization chamber or a pro- 
portional counter is shown in Fig. 10-1. Likewise, Fig. 10-2 is schematic 
of an input circuit for use with the photomultiplier tube of a scintillation 
detector. In both circuits the collector is at a high positive potential above 
ground, and a blocking capacitor is provided between it and the tube grid. 
This arrangement has the advantage that insulation from ground of the 
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major portion of the apparatus (for example, the walls of the ionization 
chamber) is not required. In each case, the capacity C; represents the sum 
of the input capacity of the vacuum tube and all wiring and stray capacities 
in addition to any other capacity that may be placed at that position. 


+ High voltage 


Ionization chomber or 
proportional counter 


To plate 
circuit 





Fic. 10-1. Input circuit for use with proportional counters 
or pulse ionization chambers. 


Figure 10-3 is a simplification representing both Figs. 10-1 and 10-2 in 
which d-c potentials are disregarded; C; has been replaced by a short circuit; 
and the photomultiplier tube, ionization chamber, or proportional counter 
has been replaced by a capacitor C’; (the capacity of the collector to ground). 


+ High voltage - To plote circuit 





Bias 





Fic. 10-2. Input circuit for use with scintillation detectors. 


This representation is possible for analysis of the pulse input signal since 
(1) C, is much larger than C; and C; and (2) the d-c potentials mercly repre- 
sent constant voltages on which the input pulses are superimposed. As 
a further simplification, R, and R, can be replaced by the resistance Rp 
which is equal to R,R:/(R, + RR), and the capacitances C; and C; can be 
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Collector 





Fic. 10-3. Input circuit for use in the 
analysis of pulse input signals. 
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represented by C, which is equal to 
Ce ++ C3. 

For purposes of studying the 
pulse input signal, consider the volt- 
age produced at the input circuit 
when the time constant RoC. is 
much larger than the time required 
for the collection of the charge. For 
this case the pulse shape is deter- 


mined entirely by the time dependence of the charge collection. The in- 
stantaneous voltage v(f) is related to the charge q(t) which has been 


collected by the equation 


u(t) = 


q(t) 
C (10-1) 


The pulse shapes in parallel-plate chambers and coaxial cylindrical ioni- 
zation chambers were discussed in Chap. 4. When the chamber gas was 


such that negative ions were not 
formed, the negative charge was car- 
ried by electrons. Such chambers 
were said to employ electron collec- 
tion and were referred to as clectron 
pulse chambers, or simply electron 
chambers. 

Electron chambers are character- 
ized by a rapid rise in voltage as 
the electrons are collected, followed 
by a slow rise as the positive lions 
are collected. As an example, Fig. 
10—4a is the voltage produced by the 
formation of N ion pairs midway 
between the plates of a parallel- 
plate ionization chamber. In par- 
allel-plate chambers in which the 
ion pairs are produced at varying 
distances from the collector and in 
cylindrical chambers, the rise in volt- 
age during electron collection is no 
longer linear; however, it still occurs 
in the order of a microsecond. 

The pulse shape in proportional 
counters was discussed in Chaps. 5 
and 6. The collector for these de- 


‘it 
Co Os 


_——$—— 


lL About I millisecond ——> 
About 
ie (a) 


une 0 ee 


Co n5 


J 
Severor Several milliseconds 
microseconds (6) 


Mnge 1.00 


Co 063 


| be- 
One decay consfont 
(1075 010°? sec) 
(ce) 
Fic. 10-4. Typical pulse input signals 
from various detectors (infinite time con- 
stant). (a) Parallel-plate ionization cham- 
ber; (6) proportional counter (spread in 
collection time neglected); (c) scintillation 
counter. 
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vices is the central wire. A charge of M times the primary charge Ne is 
produced in the immediate vicinity of the collector wire. The voltage as 
a function of time is given by the logarithmic function Eq. (5-3). This 
voltage rises quite quickly initially, reaching one-half of the ultimate value 
in about a microsecond. The complete collection of all the ions requires 
several milliseconds. Figure 10-4) represents a typical pulse input signal 
for a proportional counter. 


Example 10-1. Compute the time required for the signal voltage to reach (a) one-half 
of its final value and (6) its final value after the passage of an ionizing particle through 
a proportional counter with inner and outer electrodes of 6 K 10~‘ and 1.75 cm, respec- 
tively, if the filling gas is 1 atm and the applied voltage is 500 volts. Assume that the 
time constant of the input circuit is large compared with the positive-ion collection 
time. 

Solution. For part (a) the value of v(t) in Eq. (5-3) is set equal to —Ne/2C; that is, 


- (2)(500) (1,040) +1] 
ee In (2V pt/r:? In r2/r; + 1) = (6 X 107‘)? In (1.75/6 X& 10-4) 
In (r3/r1) In (1.75/6 x< 10-‘) 
In (4.9 * 10% + 1) 
In (2.9 X 10°) 


where yw has been taken from Table 4-1. Solving the ¢ yields 5.9 usec for the time 
required to reach one-half of the maximum. 
By Eq. (5-4), the value ¢, for the collection time of positive ions is 


pm CHAMP Te _ [(1.75)* — (6 X_10~*)91760 
* 2Vp ri 2(500) (1,040) 
= 1.7 X 10-3 sec 


In(2.9 X 10*) 


When the primary ionization in a proportional counter is distributed 
perpendicular to the collector, the primary electrons which initiate the sec- 
ondary ionization arrive at the center wire at times varying over a couple 
of microseconds. This has the effect of modifying the shape of the initial 
fast rise of the pulse, slowing it down somewhat and making the rise more 
nearly linear. 

In a scintillation detector the rise of the voltage input pulse (see Fig. 
10-4c) is controlled by the decay time of the scintillator and by the variation 
of the electron transit time through the photomultiplier tube. The number 
of photons emitted after passage of the ionizing radiation follows the expo- 
nential growth law of Eq. (7-3), with decay constants for various scintil- 
lators ranging from a few millimicroseconds to several microseconds (see 
Table 7-1). The contribution of the spread in electron transit time to the 
finite pulse-rise time has been treated by Lewis and Wells [2]. The transit 
time has been found to be a Gaussian function of time with a standard 
deviation of about 10~* sec. When the decay constant is 10—* sec or greater, 
the effect of the spread in transit time on the pulse shape is insignificant. 

Each of the pulse input signals described above is characterized by an 
initial fast rise. In the pulsed electronic circuitry discussed in this chapter. 
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only the portion of the input pulses which occur in the first few microsec- 
onds are important to the final signal. Thus, in the pulsed ionization cham- 
ber, only the rapid rise during electron collection needs to be considered. 
For all applications except those which require the reproduction of the very 
fast rise of the pulses, the signal for the pulse ionization chamber can be 
considered as the sudden appearance of a charge at the input; the magnitude 
of the charge is the total induced on the collector at the end of the electron 
collection. Such a signal is referred to as a step input. Likewise, in scintil- 
lation detectors which employ scintillators with decay times less than 1 
psec, the pulse input signal for many applications can be taken as a step 
input of a charge Mn,e, the total charge released by the scintillation. A 
similar representation can be made for a proportional counter. However, 
because of the longer rise time and the absence of a point in the first few 
microseconds at which the positive-ion collection is essentially complete, 
the concept 1s less useful. 

A further characteristic of the pulse input signals is their random distribu- 
tion in time. If % represents the average number of pulses per unit time, 
the probability of the occurrence of k pulses in a time é¢ is obtained from 


Eq. (3-17) as 


(m5t)* ene 
k! 


Example 10-2. Compute the probability of obtaining one, two, and three counts in 
the time interval equal to the average time between pulses. 

Solution. The average number of pulses in time 1/# is #/f = 1. The probability of 
obtaining one pulse is obtained by Eq. (10-2) as 


Wik) = (10-2) 


ap Myret 1 
W(1) il 5 = 0.368 


Likewise, W(2) = 0.164 and W(3) = 0.061. 


If the time interval 5¢ is considered to begin immediately after the start 
of any pulse, then 


W(1) = "at e-™* (10-3) 


can be considered as the probability of a second pulse occurring within this 
interval. This expression also represents the fraction of the time that a 
pulse follows a previous pulse within the time 6¢. When this fraction is 
much less than 1, it can be approximated by 75t. Thus if % 1s 2,000 pulses / 
gec, 2 per cent of the pulses are separated by less than 10 psec. 


10-2. Requirements for Pulse Shaping 


The applications of pulse-type detectors can be divided into three broad 
groups: (1) counting measurements, (2) energy measurements, and (3) 
time-interval measurements or time discrimination between related pulses. 
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Each of these measurements requires pulse shaping within the electronic 
circuitry. 

The shape of a pulse can be designated in terms of four characteristics, 
namely, the rise time, delay time, decay time, and pulse duration. These 
same characteristics are used to describe pulse amplifiers. In this case the 
characteristics of the amplifier are designated as the characteristics of the 
output pulse which is produced when a step-input pulse signal is applied to 
the amplifier. The delay time 7'p may be defined as the time required for 
the pulse to rise to one-half of its maximum value. The rise time 7'z is 
then defined as the reciprocal of the slope at this one-half maximum point. 
An alternative definition of the rise 


time, convenient for laboratory use, 9 I Ir 
is the time required for the pulse to vt) 
rise from 0.1 to 0.9, the maximum 05 


value. The latter form of this defini- 
tion of 7’r is illustrated in Fig.10—5, 0.1 
along with 7'p. I nor 

The decay time, or fall time Tr, 18 Fig. 10-5. Illustration of the concepts of 
sometimes defined arbitrarily as the the pulse rise time T'r, pulse delay time 
time required for the pulse to drop 7p, and pulse decay time T'r. 
from the maximum to0.1 of the maxi- 
mum value. This is illustrated in Fig. 10-5 also. Often the pulse decay is 
determined by a single short-time constant differentiating network. In 
this case the time constant is used to designate the decay, and it is referred 
to as the clipping time of the amplifier which produced the decay. 

The concept of pulse duration has an obvious meaning for rectangular- 
shape pulses only. Elmore [3] has given a definition of pulse duration 7 
applicable to shapes such as that in Fig. 10—5; it is 


on ft (t — to)*v(t) dt 


ft v(t) dt 


where tp) = f ” to(t) dt/ t v(t) dt, the centroid of the pulse. This is equiva- 


lent to defining the pulse duration as V2x times the standard deviation of 
v(t). 

The basic requirements for counting apparatus are (1) the ability to 
count accurately, often up to high counting rates, and (2) the ability to 
separate the desired pulses, which are called the signal, from the unwanted 
pulses. These unwanted pulses may be either those originating in the 
detector because of other radiation types or those due to noise in the elec- 
tronic circuitry. 


ze) (10-4) 
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The measuring apparatus for counting can be considered as consisting 
of three units for the purpose of discussing the pulse shaping.* These units 
are the amplifier, the discriminator, and the scaler. In the amplifier the 
pulses are amplified and shaped. The function of the discriminator is to 
pass only the desired pulses. Finally, the scaler counts the pulses passed 
by the discriminator. 

The ability of a counter to count accurately at high rates can be referred 
to as its resolving power. The reciprocal of the resolving power, known as 
the resolving time, is the minimum 
a time which can elapse between the 
Discriminator start, of two pulses if they are to be 
counted as two pulses. The fraction 
of the counts lost is given by Eq. 
(10-3). The resolving time is substi- 
— Resolving time —| t— tuted for ét. ; 

The resolving time of the system is 
the result of the composite character- 
istics of all the elements in it. If the 
pertinent characteristics of the detec- 
tor and associated electronic equip- 
ment are known, the resolving time of 
the system can be calculated [4], at 
Fig. 10-6. Resolving time of a count- east in certain ideal cases. Methods 
ing system through the discriminator. Of measuring resolving time were dis- 

cussed in Chap. 5. Equation (5-8) is 
the working equation for the two-source method. To see the effect of pulse 
shape, consider the resolving time of the system up through the discrimina- 
tor. This resolving time will be that of the entire system, provided that 
the resolving time of the scaler unit itself is no greater. The resolving time 
up through the discriminator is illustrated in Fig. 10-6. From this figure it 
is seen that decreases in the rise time, decay time, and pulse duration all 
improve the resolving power. The resolving time is seen also to be a func- 
tion of the pulse height for a given discriminator setting, increasing as the 
pulse height increases. 

The effect of pulse shape on the ability of a counting system to discrimi- 
nate between the desired signal and the unwanted signal comes about 
through the signal-noise ratio and through the pile-up of unwanted pulses. 
The signal-noise ratio 1s discussed in Sec. 10-4. The pile-up of pulses comes 
about when more than one pulse occurs during a time interval of the order 
of the pulse duration. Even though the ratio of the amplitude of the 
wanted to unwanted pulses is sufficiently large to allow easy discrimination 

* This division into units is different from the one usually employed in the physical 
arrangement 


Discriminotor input 





Discriminotor output 
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when the pulses occur singly, pile-up results in unwanted counts when the 
rate of occurrence of the unwanted pulses becomes sufficiently high. 

Another effect of pile-up comes from the superposition of the smaller 
unwanted pulses on either the falling or the rising edge of the desired pulse. 
The small pulse properly placed will cause the single wanted pulse to be 
counted twice. These situations arise, for example, in counting alpha par- 
ticles in the presence of a large background of gamma rays. 

Gillespie [5] has discussed pile-up in a semiquantitative fashion. Qualli- 
tatively, it is clear that the effect is minimized by the reduction of the rise 
time, fall time, and the duration of the pulses. The shorter the time interval 


Voltage 





t> 
(a) (4) 
Fia. 10-7. Errors in pulse height because of pulse superposition. (a) Pulses 


1 and 2 separated but with pulse 2 superimposed on the trailing edge of pulse 1; 
(b) pulses 1 and 2 not separated. 


involved, the smaller the probability that another one or more pulses will 
occur to produce pile-up. 

The electronic apparatus for energy measurements can be considered to 
consist of an amplifier and a pulse-height analyzer. The function of the 
amplifier is to amplify and shape the pulse input signals so that a pulse- 
height-distribution curve is the true-energy-distribution curve (see Sec. 
2-8.) Thus the primary requirement is that the height of the pulses be 
proportional to the particle energy. The pile-up of pulses is important in 
energy measurements also but for a reason different from that in counting 
experiments. Two illustrations are given in Fig. 10-7. In Fig. 10-7a pulse 
2 follows too soon after pulse 1 so that, instead of the correct height as 
indicated by the dotted curve 2, the incorrect height as given by the solid 
curve 2’ is measured. Some discriminator circuits automatically discard 
all pulses that are preceded by another pulse within a fixed time interval. 
In Fig. 10—-7b the two pulses are not separated, and a single pulse height is 
measured which is the sum of those of pulses 1 and 2. 

The resolving time for an amplifier for energy-distribution measurements 
can be defined as the minimum time which can elapse between the start 
of two pulses if their heights are to be proportional to the particle energy 
within a specified limit. 
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Example 10-3. Calculate the resolving time of an amplifier for energy-distribution 
measurements if the clipping time of the amplifier is 10 yzsec and the error in pulse 
height due to superposition on the falling edge of a pulse is to be less than 1 per cent of 
the maximum pulse height. 

Solution. If the rise time is neglected, the resolving time is the time required for the 
pulse to decay to oo of the maximum value. This time ¢ is given by e~*/° = 0.01, or 
t = 4.6 X 10 = 46 psec. 


From this example it is clear that the decay time of the pulses is an 
important consideration in energy measurements. 

For measurements involving time of occurrence of related pulses, the 
pulse rise time and pulse delay time become of primary importance. For 
highest accuracy in these measurements, the pulse rise time should be as 
short as possible, while the pulse delay time should be either negligible or 
not variable. 


10-3. Methods of Pulse Shaping 


The shape of the output pulse of an amplifier is determined by the shape 
of the pulse input signal and the characteristics of the amplifier. The 
schematic diagram shown in Fig. 10-8 is an idealized amplifier representa- 
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Fig. 10-8. Equivalent circuit of a pulse input circuit and pulse amplifier. 


tion that is useful for discussing the pulse shaping produced. A practical 
amplifier in which the upper and lower cutoff frequencies are each deter- 
mined by simple RC circuits can be represented by this equivalent circuit. 
The circuit elements Ro. and C, represent the typical input circuit for a 
detector, as described in Sec. 10-1. The idealized isolating amplifiers have 
the characteristics of infinite input impedance, zero output impedance, and 
an infinite-width frequency passband with constant gain throughout; 
therefore the isolating amplifier has no effect on the pulse shape. The 
circuit consisting of R, and C,, known as the differentiation network, deter- 
mines the lower frequency cutoff and the clipping time of the amplifier. 
The time constant R,C,, designated as 7,, is known as the differentiation 
time constant. The circuit R2C, an integration network with a time con- 
stant 7: equal to RC’, determines the upper frequency cutoff of the amplifier 
and affects the rise and delay times of the pulses. The lower half-power 
frequency, defined as the frequency at which the gain for sinusoidal signals 
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falls to 0.707 of the mid-frequency gain, is related to the differentiation 
time constant 7, by 


1 1 








f= 957, ~ OeRiCh oe 
while the upper half-power frequency is given by 
1 1 
Ja Oy, ORC eee) 


As an example, consider the step-input signal of Vo. This would cor- 
respond to the pulse input signal of a charge C.V. from a detector with a 
negligibly small collection time. Under these conditions, the pulse output 


signal is 


GV.r1 


Output = - (e—#/n1 — et! re) (10-7) 


14g 

provided that the input-circuit time constant R.C. is much greater than 
7, As asecond example, consider a linear input signal, as during the elec- 
tron collection in a parallel-plate ionization chamber. The output voltage 
is obtained as 


GI ofl — Its Gt oT Iz tls, ~tlr 
Output = TP (1 — e~t/n) — Pe, =a) (e — e—t!rs) for0 <<t<T 
_ _GVor? _ Tilt, — 1\o—tlr, — —7ToTiT2_ GV rite Tits — 1\o—tl ts 
Output Fan (e l)e T(r — 13) (e l)e 


forr <t (10-8) 


where T' is the time required for the input signal to rise from zero to the 
maximum value Vo. These solutions are obtained by applying the pulse 
input signal to the differentiation network and then using its output signal 
as the input for the integration network. 

These output pulses are illustrated in Fig. 10—9 for an amplifier in which 
7, equals 572. The cases for the time T of zero, 72, and 572 are included. 
These illustrations show that the time of rise of the pulse input signal affects 
the output pulse shape but little as long as the input-pulse rise time 7' is 
less than the integration time constant 72. Further, when T is much greater 
than 72, the rise time of the output-pulse signal is determined by the pulse 
input signals and not by the amplifier characteristics. 

The effect of the circuit time constants on the maximum value of the 
output pulse is shown in Fig. 10-10. The ratio of the maximum value 
reached by the pulse V,, to the value GV. which would be obtained with an 
infinite-band-width amplifier is given as a function of the ratio 1:/72. 
Again, the total rise time T of a linear input pulse is the parameter. 
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The characteristics of a pulse amplifier are designated as those of the 
amplifier output pulse that results from a step input. For the idealized 
amplifier discussed above, the following characteristics can be computed 
(2, 3]: 


Rise time = V2xR2C2 
Delay time = RC; 
Clipping time = RC, (10-9) 
Pulse duration = V2xR2C2 (1 + d*)* 
Maximum amplitude of pulse = VoA/@—- 


where A = R,C,/R:C and Vo — Qo/Co. 

An alternative method of pulse shaping is by the use of delay lines [3]. 
This system is illustrated in Fig. 10-11 in an idealized form. The delay 
line has a characteristic impedance Z. and a length such that the time 
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Fia. 10-11. Delay-line pulse shaping, idealized for a step- 
input signal and no attenuation in the line. 


required for the signal to travel from the input to the termination is 7'p. 
This delay line is used as the plate load of the vacuum tube. Its input is 
terminated with its characteristic impedance Z. while the other end of the 
line is short-circuited. When the step-input signal is applied to the grid 
of the tube, a step voltage signal travels down the delay line. At the short- 
circuited end it is reflected with an accompanying phase reversal. When 
the reflected signal arrives at the input end at time 27'p after its start, it 
combines with the input signal to cancel the remaining portion of it, thus 
producing a rectangular-shape pulse of duration 27'p. 
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Delay-line pulse shaping results in a pulse with a shorter decay time than 
possible with differentiation of the same input pulse. It has the further 
advantage of a constant-width base on the pulse; for input pulses of very 
fast rise time, the pulses also have constant duration. In addition, the 
signal-noise ratio is slightly better than that for differentiation, provided 
that the input-pulse rise time is smaller than the amplifier rise time (see 
Sec. 10-4). The principal disadvantage is the lack of simplicity and ease 
in varying pulse shapes as compared with the differentiation method. 


LINEAR AMPLIFIERS 
10-4. Amplifier Noise 


Noise in an amplifier for pulse work is any signal not arising from the 
nuclear radiation. Part of this signal may arise from sources which can be 
eliminated by proper design and care in the use of the amplifier, while the 
remaining part of it is inherent in the principles of operation of amplifiers 
and therefore sets a lower limit on the level to which the noise can be re- 
duced. The first type of sources includes extraneous transients, hum, 
microphonics, and noise from defective components. The latter type of 
sources includes resistor noise, grid-current noise, shot-effect noise, and 
flicker noise. In detectors employing photomultiplier tubes, additional 
unwanted signals arise from the phototubes. This effect was discussed in 
Sec. 7-24. 

Flicker noise is a fluctuation in the anode current, thought to be caused 
by the random appearance of impurity centers on the cathode surfaces. 
The frequency spectrum of flicker noise is so low that its contribution is 
insignificant in the frequency band of interest here and will not be discussed 
further. 

Thermal noise arises because the free electrons within a conductor are 
in a constant state of random motion caused by thermal agitation. These 
motions correspond to small fluctuations of current within the conductor 
and give rise to small fluctuations of voltage across the ends of the conduc- 
tor, the magnitude of the fluctuation depending on the resistance of the con- 
ductor. 

The shot-effect noise arises from the fact that the electron emission from 
a cathode is in discrete units, or electrons, and that the emission of the 
individual electrons is random in nature. Thus the steady plate current 
of a tube has superimposed upon it this random noise known as shot-effect 
noise. 

The grid-current noise arises from statistical fluctuations in the amount 
of grid current, mostly positive-ion current, which flows. This fluctuation 
is also largely due to statistical variation in the electron emission. 

These noise sources have been considered in detail by many authors, 
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such as Gillespie [5]. Elmore [3] has presented the results in a particularly 
useful form for the analysis of amplifiers for use with pulse-type detectors. 
He expresses the results in terms of Q,?, the mean-square equivalent-noise 
charge at the input of an amplifier, the band width of which is determined 
by the two time constants 7, and 72. From this the root-mean-square noise 
output voltage is GQ,/Co, where G is the gain which the amplifier would 
have if its band width were infinite and C, is the input capacity. Elmore’s 
results are 


2a ep G 1 Bee) 
Q, ae 71 + 72 \R, ny R, = 71T2 (10-10) 


where R, = 4kT/2el, 


R, = n2el ,>/4kT gn? 

k = Boltzmann’s constant 
T = absolute temperature 
I, = grid current 

I, = plate current 


gm = transconductance of input tube 
n = factor equal to or less than 1 which takes into account suppres- 
sion of shot effect by space charge 
For a typical triode, 
R, = — (10-11) 


while for a pentode 





mw I, be ~) 
oT ed, Jm + Jms 


where J, and gm. are the current and transconductance of the screen. The 
grid current J, is taken as the sum of the magnitudes of the positive-ion and 
electron currents. 


Example 10-5. Compute the root-mean-square equivalent noise at the input of an 
amplifier with the following characteristics: integration time constant, 1 usec; clipping 
time, 10 usec; total input capacity, 30 uuf; total input resistance, 10® ohms; input tube, 
type 6AK5. Assume that the temperature is 27°C and that the parameters of the 6AK5 
are gm ANd gms, equal to 4,000 and 1,000 uzmhos, respectively, while /,, 7,, and J, are 107°, 
5 X 10-3, and 2 X 10? amp, respectively. 

Solution. The rms noise voltage V, is 


= 
Varo 


where Q, is to be calculated from Eq. (10-10) and C, is 30 wuf. The calculation is carried 
out in the mks system of units, in which k = 1.37 X 10-* joule per degree Centigrade. 
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4kT _ (2)(1.37 X 10-*)(300) 





Re = 367, ~ (1.60 X 10-*)(10-4) = &13 X 10° ohms 
_ ls 201, a0) 0.005 2.5, (20)(0.002)] _ 
ao Zl? + 0.005 + 0.002 L0.004 t ~ 0.001 oo 
10: x 10-* [1 1 (475) (30 X 0 
- — JY AMY TS hs Ne 
Qi = 4.1 X10" “Tota Lios + 5:13 x 10 t 10-* x 10 x 10-* 


= 3.7 X 10-* (1 + 0.02 + 4.3) = 19.6 X 10-* coulomb? 


Therefore 


17 
y, = Qe 44 X 10 


C, "30 x 1072 7 }-5ev 


It is of interest to notice the relative contribution of the different types of noise. These 
are thermal, grid-current, and shot-effect noise in the order of appearance in Eq. (10—10). 


The noise is seen to depend on the amplifier time eonstants r, and re 
by Eq. (10-10), while the dependence of the signal amplitudes on 7; and 
72 for a specific input signal Q. is given by Eqs. (10-9). The conditions for 
optimum signal-noise ratio depend on the pulse-shape requirements, as 
discussed by Elmore [3]. It develops that the optimum signal-noise ratio 
occurs when the amplifier rise time and the clipping time are about equal. 
Consequently, it is desirable to adjust these time constants simultaneously 
when changes in pulse duration are made. This adjustment is not partic- 
ularly critical, however, since a ratio of 7,/7: as high as 5 only reduces the 
signal-noise ratio by 2 from the optimum value at 7/7: equal to 1. 

Gillespie [5] has discussed the signal-noise ratio for amplifiers employing 
delay-line pulse shaping. It is concluded that the signal-noise ratio is best 
when the delay time 7'p is one-half the amplifier rise time. Further, this 
ratio is better than that obtained when differentiated pulse shaping is 
employed, provided that the input-pulse rise time is considerably less than 
the amplifier rise time. 


10-5. Pulse-amplifier Requirements 


The requirements for the pulse amplifier with regard to pulse shaping 
were discussed in Sec. 10-2. Other important requirements include gain, 
polarity, stability, linearity, and physical arrangement. 

The gain requirements, of course, depend on the available input signals 
and the desired output voltages. Typical values of rms noise voltages are 
around 3 pv (see Example 10-5). The occurrence of noise peaks of three 
times the rms value, or about 10 wv, would be rare. Therefore 10 xv is a 
typical lower limit for the height of the useful input pulses. For operating 
discriminators, as in counting applications, about 10 volts are required, 
giving a maximum gain requirement of 10°. For accurate pulse-height- 
analysis work, output voltages up to a maximum value of 100 volts are 
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required. However, since one would ordinarily not require that the 10-zvolt 
noise peak be amplified to more than one-tenth of the maximum, a maxi- 
mum gain of 10° would suffice here also. The amplifier must, of course, be 
provided with a gain control if it is to be versatile. 

Because of the variety of circuit types which the amplifier is required to 
drive, it is desirable to have its output impedance as low as possible. Since 
this is not compatible with the high-voltage requirements, it 1s the practice 
to provide two output circuits, one with low output impedance and voltages 
and one with high output impedance and voltages. A typical arrangement 
provides 9 volts at 90 ohms and 100 volts at 1,000 ohms. 

The pulse input signal may be either positive or negative, although the 
negative signals as produced by the circuits in Figs. 10-1 and 10-2 are the 
most common. The output pulse is usually positive so that a low-im- 
pedance cathode-follower output stage can be used. The operation of the 
cathode-follower circuit is discussed in Sec. 10-6. 

Stability of the amplifier gain is often quite important. In energy meas- 
urements the proportionality between pulse height and particle energy 
must remain constant, while in counting measurements a change in gain 
may result in a shift in the fraction of the pulses passing the discriminator. 
A change of a small fraction of per cent in the output voltage for a 1 per 
cent change in line voltage is not an uncommon requirement. The primary 
methods employed for stabilization of the gain are the use of negative feed- 
back in the amplifier section and the provision for good regulation in the 
power-supply section. 

Linearity between pulse input signal and output signal of 0.5 per cent or 
better is often necessary. This is obtained by the choice of the operating 
points for the vacuum tubes within their linear ranges and by the use of 
negative feedback. 

The pulse amplifier is usually divided into two parts, the preamplifier and 
the main amplifier. The use of the preamplifier makes it possible to provide 
the shortest possible leads to the detector and thereby to minimize the in- 
put capacity. The gain of the preamplifier depends on the designer, with 
common values varying from less than 1 to 100. Its output stage is always 
a cathode follower which can drive the long cable required to couple it to 
the main amplifier. 

The gain control of a pulse amplifier is located several stages beyond the 
input. Often the gain control is inserted between the main amplifier and 
the preamplifier, particularly if the latter has a gain of around 100. The 
location of the gain control is determined by balancing two effects. If the 
gain control is placed too early in the amplifier, the signal-noise ratio will be 
reduced because of the introduction of noise beyond the gain control which 
is not reduced by the gain control proportionately to the signal. The plac- 
ing of the gain control at too high a level will result in an overload of the 
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stages immediately preceding the gain control when the latter is set for low 
gain. 


10-6. Pulse-amplifier Circutts 


The usual arrangement for linear pulse amplifiers employs resistance- 
capacitance coupled amplifiers with negative feedback. The decay time of 
the pulse is controlled by a single differentiation. It can be shown [6] that a 
multistage R-C coupled amplifier produces an oscillating output for a step- 
input signal but that the oscillatory portion can be made vanishingly small. 
To accomplish this, the pulse decay is determined by a single coupling stage 
with time constant 7,; the time constants of all the remaining coupling net- 
works should be at least 1007,;. If desired, the differentiation network can 
be replaced by the delay line, as discussed in Sec. 10-3. 

The position of the pulse-shaping circuit needs special consideration. 
When low noise level is important, the short time constant cannot be placed 
in the early stages, since the low resistance associated with it would make 
the thermal noise intolerable. This is seen from the dependence of Q, on 
R. in Eq. (10-10). On the other hand, the pulse shaping cannot be left to 
the high-level stages because of the shift in the operating points of the tubes. 
This shift occurs because of the pile-up of the pulses with the long decay 
constants. The usual position of the pulse-shaping network is after a gain 
of about 100, often between the preamplifier and the main amplifier. A 
further advantage of placing the pulse-shaping network at the intermediate 
level rather than at a low level is that it serves to reject the hum and other 
low-frequency noise generated at the low-gain levels of the amplifier. 

The rise time of the resistance-capacitance coupled unfed-back amplifiers 
is determined by the plate circuits of the individual stages. For a given 
total gain, the minimum rise time is obtained when all stages have equal 
rise times [6]. Under these conditions, the rise time for an amplifier with n 
stages is 


Tr = V 2xrnR2C? (10-12) 


where FR: and C2 are the plate resistance and distributed capacitance, 
respectively. An approximate expression relating the rise time of a multi- 
stage amplifier to the upper half-power frequency is [6] 


The gain per stage is g,,/¢2, where gm is the tube transconductance; there- 
fore the total gain G of an n-stage unfed-back amplifier is 


G = (9mlte)" (10-14) 


The distributed capacitance C; cannot be reduced below about 10 wef. 
From Eqs. (10-12) and (10-14) it is clear that, to obtain an amplifier with 
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a given gain and rise time containing the minimum number of stages, tubes 
with high transconductance and low output and input capacitances must be 
used. 


Example 10-6. Compute the rise time and the plate load resistance for an unfed-back, 
uncompensated resistance-capacitance coupled amplifier having the following charac- 
teristics: total gain, 10°; six identical stages; vacuum-tube transconductance, 0.009 
mho; shunt capacity, 20 puf. 

Solution. By Eq. (10-14), the plate load resistance R; is obtained by 


log Rs = SS — tog gn = 1 — log 0.009 = 3.046 


or R, = 1,100 ohms 
The rise time is calculated by Eq. (10-12) as 
Tr = V2xen RC; = V 2x6 1,100 XK 20 X 107" = 0.13 psec 


When a shorter rise time (say 0.1 usec or less) is required, shunt compen- 
sation of the load resistance [6], a common practice in conventional video 
amplifiers, may be employed. When extremely short rise times are re- 


Bt 


Output 





Fig. 10-12. Three-tube feedback circuit for use in linear amplifiers. 


quired, such as in the reproduction of the leading edge of the pulses from 
organic scintillators, distributed amplification may be used [7]. Rise times 
of less than 2 mysec have been reported. 

By using feedback, large gains over the unfed-back amplifier performance 
can be made. By far the most popular type of circuit for this application is 
the three-tube feedback circuit shown in Fig. 10-12. This circuit consists 
of two resistance-capacitance coupled amplifier stages with tubes 71 and 
T2 followed by the cathode follower T3. A fraction of the output 8 given by 


Rg 


B= Ra, +R, (10-15) 
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is fed back to the panacea circuit of the input. The gain G’ of the fed- 
back circuit is 


; G 
where G is the gain of the unfed-back circuit. The improvement in stability 
to line voltage fluctuation or change in tube characteristics can be expressed 
by the ratio 


dG'/G 
dG’ /G’ 
Also, by Eq. (10-17) the departure in linearity is seen to be reduced by the 
same factor 1 + BG. 

For the feedback to be effective, the factor BG must be much greater than 
1. Under this condition the gain becomes 
Ry + R, 


Ry 


S= 





=1+ 8G (10-17) 


G’ = (10-18) 
The rise time of this feedback circuit can be adjusted by the capacitor C;. 
The fastest rise time without oscillatory overshoot is given by 


T £2 V4er RC, 
>= 
/1 + BG 


where C; is the shunt capacity in the plate circuits of 71 and T2. This rise 
time is seen from Eq. (10-12) to be smaller than that of a two-stage unfed- 
back amplifier with the same values of R: and C2 by the factor (1 + 8G)-“4. 
However, when the gain of the unfed- 
back amplifier is reduced to that of the 
fed-back amplifier through the reduc- 
tion of the plate resistance from Rz to 
wet | R:, the rise time decreases. It can be 
shown [6] that the rise time is the 
same in a three-tube feedback cir- 
Output cuit and a two-tube unfed-back cir- 
Bios R cuit when the two circuits are adjusted 

to have the same gain. 
= The feedback resistors can be ad- 
Fic. 10-13. The basic cathode-follower justed to be relatively low. Often R, 
circuit. can be chosen to give the correct bias 
for 71. For example, if 71 is a 6AC7, 
R, may be 100 ohms. If the gain of the three-tube circuit 1s to be 100, then 
R; = 10,000 ohms. For proper adjustment of the rise time, C; would be a 

few micromicrofarads. 


(10-19) 


B+ 
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The cathode-follower circuit is widely used in pulse amplifiers for nuclear 
detectors. The chief application is as an impedance-matching device where 
pulses with fast rise time must be transferred through a coaxial cable from 
one part of the circuit to the other. A second application is the production 
of high input impedances and the low input capacities required for small 
pulse rise time. 

Figure 10-13 is the basic circuit for the cathode follower. The gain for 
the circuit 1s 


G = Im o~ 

1/Rx + Ym + l/r, 
where r, is the dynamic plate resistance of the tube. However, in all prac- 
tical cases, 1/r, is much less than g,, and 1/R« 1s often negligible compared 


with gx. Thus the gain of the cathode follower 1s approximately 1. The 
output impedance Zp is 


1 (10-20) 


1 alt 
gm +1/Re+1/rp gm 


to the same approximation. The effective input impedance Z;, between 
the grid and the cathode is 


Zo (10-21) 


Z. — VA + 1/Rx + l/r  Z9mtpx 
= 1/Rxk+1 1, Rxe+rp 


where Z is the input impedance without the feedback through the cathode 
resistor. 

The cathode follower is particularly well suited as the output stage where 
the output pulse is to be positive with a short rise time. For this applica- 
tion the tube is biased to Just above cutoff. The application of a positive 
step input to the grid causes the plate current to rise quickly. This current 
initially goes almost entirely to charging up the capacity Cx which shunts 
the cathode load Rx, thus giving a very rapid rise of output voltage. When 
the input pulse returns quickly to zero, the plate current is initially cut off 
completely because of the positive potential of the cathode. It will there- 
fore decay initially with the time constant RxC x. 


(10-22) 


Example 10-7. A cathode-follower circuit having a 4,000-ohm cathode resistor drives 
a 5-ft coaxial cable of a capacity of 20 uuf/ft. If a step-input voltage causes the tube 
current to increase to 40 mamp, find the initial rate of rise of the output voltage; further, 
find the clipping time of the output pulse for the portion of the decay during which no 
plate current flows, following a step decrease in the voltage. 
Solution. The initial rate of rise of the voltage is 
dV I 40 X 107? 


7 Gn 7 FX 20 X 19-8 ~ 100 volts/usec 


The clipping time is RxCx = 4,000 X 100 X 10-! = 1077 sec = 107! usec. 


338 NUCLEAR RADIATION DETECTION 


The circuit in Fig. 10-14 makes use of the decrease in input capacitance 
due to the cathode follower to increase the upper half-power frequency of 
the gain-producing stage 71. The total capacitance of the plate load on 
the tube 71 can be further reduced when a miniature twin triode such as a 

12AX7 is used for the two tubes, 


B+ since a short, direct connection can 
be made from the plate of 71 to the 
eeu grid of 72 right on the socket. 
I Ss = 10-7. A Complete Pulse Amplzfier 
+> 


Output A schematic diagram of a general- 

purpose linear amplifier is shown in 

Fie. 10-14. Cathode-follower circuit Figs. 10-15 and 10-16. Figu uh 

for use in increasing the rise time of the 10-15 is the preamplifier section, 

pulse. while Fig. 10-16 shows the amplifier 

along with a discriminator and the 

power supply. This instrument is a refined version of the linear amplifier 
designed by Jordan and Bell [8]. 

Basically, the amplifier consists of three sections, each one being a three- 
tube feedback circuit of the type discussed in the previous section. The 
first section is located in the preamplifier; its output is coupled to the main 
amplifier by the tube V4 which is operated as a cathode follower. 

The pulse shaping which is accomplished by this amplifier is controlled 
by means of the selector switch S1; the switch section Sla selects the pulse 
decay while the section S1b controls the pulse rise time. The pulse decay 
is controlled by a delay line or by one of two RC differentiation networks. 
The pulse rise time is controlled by the RC integration networks; the three 
switch positions correspond to approximately 0.15, 0.7, and 4 msec rise 
times. 

The voltage gain of this amplifier varies from 5 X 10 to 5 X 10, in- 
creasing as the rise time increases. The preamplifier gain is only about 30, 
as it must be limited to avoid excessive pulse pile-up preceding differentia- 
tion. Further total amplification would not be particularly useful since it 
would serve only to raise the amplifier noise to a value approaching the 
maximum possible amplifier output voltage. The output voltage can be as 
high as 100 volts at the high impedance output. Good linearity can be 
maintained up to this level. 

In some applications pulse amplifiers are driven considerably beyond 
their design operating region by being subjected to large amplitude pulses. 
The heights of the normal pulses immediately following these overload 
conditions are usually in error, principally because of grid-current flow 
which the overload produces. This grid current tends to charge coupling 
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capacitors in the high-level stages; as these capacitors discharge through 
the grid resistors, the base lines of the pulses are shifted and the pulse 
heights are in error. Chase and Higinbotham [9] have designed a pulse 
amplifier with good overload characteristics. It employs cathode-coupled 
amplifiers in a negative feedback loop. These amplifiers can accept, with- 
out drawing grid current, signals considerably larger than the quiescent 
bias voltages of the tubes. 


PULSE-AMPLITUDE DISCRIMINATORS 
10-8. Trigger Circutts 


The amplitude discriminators and the scaling stages which are discussed 
in this chapter usually employ trigger circuits; therefore a brief discussion 
of this circuit type is included at this point. More detailed treatments can 
be found in electronic textbooks [10]. 

Figure 10-17 is a schematic dia- 
gram of the basic Eccles-Jordan [11] 
trigger circuit. This circuit is char- 
acterized by the fact that it has only 
two stable states. In one state, tube 
T1 is conducting and tube T'2 is es- 
sentially cut off; in the other state 
Fic. 10-17. Eccles-Jordan trigger circuit. the conduction and cutoff conditions 

are interchanged. By the following 
considerations, a sharing of the current flow by the two tubes can be seen 
to be unstable. Suppose that the two halves of the circuit are symmetrical 
with regard to their tubes and other circuit components. Assume further 
that equal currents flow in the two tubes. If a small fluctuation such as a 
momentary increase in the plate supply voltage Ey: causes an increase in 
the plate current 21, a regenerative condition builds up rapidly, causing 
the current 2, to increase further while the current 1: is decreased to a 
very small value. Therefore the assumed condition of equal currents is 
unstable. 

The development of the regeneration proceeds as follows: The increase 
in the voltage drop across R,, when applied to the grid of 72, causes a 
drop in %. This drop, in turn, allows the grid voltage of 71 to mse, thus 
tending to support the initial increase in 2. Provided that the tube trans- 
conductances and the resistances are sufficiently large, this grid-voltage in- 
crease more than supports the initial fluctuation. 

The conduction can be caused to transfer from one stable state to the 
other by the application of suitable trigger signals. For example, a nega- 
tive pulse applied to the grid of 7'1 can cause the change of the conduction 
from T1 to T2. 
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pulse is passed. The 12AU7 tube, a twin triode, and its associated circuitry 
in Fig. 10-19 comprise a pulse-shaping circuit for this purpose. This 
circuit, known as a univibrator, is a variation of the Eccles-Jordan trigger 
circuit. Conduction in the tube section T2a 1s a stable state but conduction 
in the other side, 7'2b, is only quasi-stable. Thus, when a negative signal 
appears at the grid of 7'2a after passing the biased discriminator tube, it 
causes the transfer of conduction to 7'2b, dropping the voltage at the output 
and forming the output signal. The duration of the conduction in 726 is 
controlled by the coupling capacitor C and the grid resistor R. When the 
charging current through C has dropped sufficiently, regeneration sets in 
and transfers the conduction back to 72a. Thus the output pulse has fixed 
height and duration. 

Both the biased-diode and the biased-amplifier discriminators are limited 
in their abilities to discriminate between pulses of similar heights; the limi- 
tation is inherent in the logarithmic nature of the input-output character- 
istics near the tube cutoff points. Therefore, while these discriminators are 
quite adequate for applications such as counting by means of Geiger- 
Miiller tubes, where the pulses to be passed are considerably larger than 
those to be rejected, they are not suitable for precision applications where 
continuous distributions of pulse heights are being analyzed. Circuits 
which are based on the Schmitt trigger circuit are commonly used for 
precision work. 


10-10. Schmitt Discriminators 


A typical diagram of a circuit based on the Schmitt trigger circuit [6] is 
shown in Fig. 10-20. Its operation depends on the characteristic that either 
T1 or T2 is conducting, depending on the potential E..; of the control grid 
of Tl. As E,.: is increased, after starting well below +100 volts, a critical 
voltage is reached at about +100 volts. At this point, regeneration sets in, 
causing @ very rapid transfer of conduction from 72 to 71. As long as E,.; 
is above this critical voltage, 7'1 continues to conduct. When E,,; is 
lowered, the conduction reverses again but at a voltage a few volts below 
the critical voltage for rising values of E..:. This difference in critical 
voltages can be varied from a fraction of a volt to perhaps 50 volts through 
changes in the resistor R;. However, a few volts of this hysteresis are re- 
quired to prevent oscillation when the voltage E.c: is near the critical 
voltage. 

When this circuit is used for pulse-amplitude discrimination, the poten- 
tiometers P, and P; can be used to adjust the discriminator level. This 
circuit can be used with either positive or negative pulses. For example, 
if it is desired to pass all positive pulses with amplitudes above 20 volts, 
the bias voltage for 71 is set 20 volts below the critical voltage for rising 


voltages, 


Nea OF 
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The output pulses are shown in Fig. 10-21 for input voltages of two dif- 
ferent time durations. In Fig. 10—21a the critical grid voltage is exceeded 
for a time much greater than a microsecond; on this time scale the output 
pulse is rectangular. In Fig. 10-216, where the critical voltage is exceeded 
for only about a microsecond, the output voltage does not have time to 
reach equilibrium. The rise time of the output pulse is determined pri- 
marily by R;. The circuit which is shown has a resolving time somewhat 
less than 5 wsec. By the use of higher g,, tubes and lower plate resistors, 
0.3-ysec resolving times can be achieved [6]. 


© + 300 volts 





Fic. 10-20. Pulse-height discriminator based on the Schmitt 
trigger circuit. (From W.C. Elmore and M. Sands, ‘‘Electronics,”’ 
chap. 4, National Nuclear Energy Series, div. V, vol. 1, McGraw- 
Hill Book Company, Inc., New York, 1949.) 


The Schmitt discriminator has good overload characteristics. It is 
found [3] that the amplitude of the input pulse can exceed the critical 
voltage by 100 volts before 7'1 draws grid current, thereby shifting the bias 
voltage. 

Uncertainty in the triggering level of a Schmitt circuit may be due to 
shifts in the power-supply voltages and to variations in the values of circuit 
components, particularly the resistors. By the use of stabilizer power 
supplies and wire-wound resistors, the uncertainty in the triggering level 
can be made as low as 0.1 volt [6]. 

The discriminator which is incorporated in the general-purpose amplifier 
shown in Fig. 10-16 consists of a Schmitt trigger circuit preceded bya gain- 
of-10 difference amplifier biased to the desired discrimination level. This 
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circuit has been analyzed by Van Rennes [12]. The addition of the ampli- 
fier to the basic Schmitt discriminator permits the analysis of smaller pulses 
since the limitation which 1s set by the 






300 hysteresis of the circuit is lowered by 
260 the gain of the amplifier. 
oo 10-11. Differential Discriminators 
5 100 Applications of differential pulse- 


height analyzers were discussed in 
Sec. 2-8. In addition, a block dia- 
gram of a single-channel instrument 
was presented. The multichannel 
differential pulse-height analyzer is an 
extension of the single-channel instru- 
ment. Through its use, differential 
pulse-height curves can be obtained 
more rapidly because several pulse- 
height intervals can be analyzed si- 
multaneously. 

The multichannel analyzer can be 
constructed by the use of an array of 





Ti ; aes 
(b) oe simple discriminators whose biases 


are progressively and accurately in- 
creased. Each of the several channels 
on the duration of the input pulse. is formed by a voltage increment be- 
(From W. C. Elmore and M. Sands, tween the levels of adjacent pairs of 


Fia. 10-21. Dependence of the output- 
pulse shape of a Schmitt trigger circuit 


“Electronics,” chap. 4, National Nuclear discriminators. A coincidence circuit 
Energy Series, div. V, vol. 1, McGraw- 


Hill Book Company, Inc. New York, is connected between each adjacent 
1949.) pair of discriminators in such a man- 

ner that a pulse produces a count only 
in the channel which separates the discriminators which are passed from 
those which are not. 

An excellent series of review articles on pulse-height analyzers has been 
written by Van Rennes [12-15]. In addition, Kelley [16] has reviewed the 
developments which have occurred since 1952. Analyzers have been de- 
veloped which are based on electromechanical and electrooptical principles 
as well as on straight electronic principles. 


SCALING CIRCUITS 
10-12. Typical Scale-of-2 Circuit 


A typical scale-of-2 circuit of the type referred to in Sec. 2-7 is shown in 
Fig. 10-22. This so-called ‘‘flip-flop” circuit is a direct adaptation of the 
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basic Eccles-Jordan circuit. The sequence of operation is as follows: The 
opening of the reset switch ensures that tube 726 is conducting; also under 
this condition the interpolation light will not be lit. Reclosing the switch 
makes no further change. The input signal consists of the input voltage 
dropping from 300 to 250 volts or less, as shown in Fig. 10-23. This causes 
current flow through 71a, resulting in a drop in the plate voltage of T2a 
and a transfer of conduction from 7'2b to T2a. Because of the current 
drawn through 716, the plate potential of 72b does not return to its final 
value until the input voltage returns to 300 volts. As the input voltage 


°+300V 




















> Output 


Cy- SOppl (40pps) 
Co-O.0ips (0.01p 7) 
AR, — 20K, 2W(100K.1W) 
Ro- 5K, Yow (25K, YW) 
R3-15K, 2W(7T5K IW) 
R,g— 200K, %wiim, 'AwW) 
Rf, — 100K, 42 W(500K, Yw) 
Re- 10K, 1W(40K, Yew) 
7, - 6H6 (6H6) 

Rs To-6SN7(6SL7) 


Reset 
normally 
closed 


A 6.3v 


Fic. 10-22. Scale-of-2 circuit. (From W. C. Elmore and M. Sands, 
“Electronics,” chap. 4, National Nuclear Energy Series, div. V, vol. 1, 
McGraw-Hill Book Company, Inc., New York, 1949.) 


returns to 300 volts, no transfer of the conduction occurs. When the input 
voltage again drops, the conduction transfers from 7'2a to T2b. Accom- 
panying this transfer there is a drop in the output voltage which actuates 
the succeeding scale-of-2 circuit. The interpolation light is lit when tube 
T2a is conducting. These lights are used to determine the counts which 
have entered the counting system in addition to those indicated on the 
mechanical register. 

With the circuit components shown in Fig. 10-22, the unit has a resolving 
time of 3 to 5 psec [3]. If the values in parentheses are used, including a 
6SL7 tube, the unit will require less power, and the resolving time will be 
about 20 psec. 
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10-13. Fast Scale-of-2 Circuits 
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The maximum rate at which the scale-of-2 circuit discussed above can 
operate is limited by the resistance-capacitance networks which couple the 
plates to the opposite grids. If the capacitance in these circuits 1s reduced 
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Fic. 10-23. Voltages in a scale-of-2 
circuit. (From W. C. Elmore and M. 
Sands, “Electronics,” chap. 4, National 
Nuclear Energy Series, div. V, vol. 1, 
McGraw-Hill Book Company, Inc., New 
York, 1949.) 


too much, insufficient voltage is cou- 
pled to the grids; therefore the prin- 
cipal reduction in resolving time must 
be achieved by lowering the plate re- 
sistors. In this manner, resolving 
times as low as 1 usec can be obtained 
[6]. However, these units require 
frequent adjustment, as their stabil- 
ity is not good. In addition, their re- 
quirement for plate current is quite 
high. 

A further improvement in the re- 
solving power of a scale-of-2 circuit 
can be realized by limiting the excur- 
sions in the grid and plate voltages. 
In this way, the tubes are always op- 
erating in regions of high transcon- 
ductance; in addition, the discharge 
of the resistance-capacitance coupling 
network is not required to be as com- 


plete. Moody et al. [17] have de- 
scribed a scaler of this type with a resolving time of 0.25 ysec. One such 
scale-of-2 unit is shown in Fig. 10-24. The pentodes 72 and 73 form the 
trigger pair, while 71 is the driver tube. The grid excursion, when trigger- 
ing occurs, is between 0 and —6 volt. The upper limit is set by the occur- 
rence of grid-current flow at zero voltage while the lower limit comes from 
the clamping which the dual diode 74 supplies. The maximum plate volt- 
ages of 72 and T3 are held at 65 volts by the crystal diodes X1 and X2. The 
plate voltage of 7’'1 is supplied by the excess current flow through the diodes. 


10-14. Scale of 10 


There has been a tendency in recent years for decade-scaling circuits to 
replace scale-of-2 circuits for applications in which decimal recording ap- 
pears to have particular advantages. A number of scale-of-10 circuits have 
been developed which are based on binary stages [18,19]; these circuits are 
used to give either 16 — 6 or 8 + 2 counts. The resulting scalers contain 
more tubes for a given scale factor than do the straight binary systems; in 
addition, they are reported to require more servicing. 
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Let it be assumed that a discharge is taking place between the anode A 
and the cathode k, in Fig. 10-25. If a negative pulse of 120 volts is applied 
to the group of guide 1 electrodes which were originally at +60 volts with 

respect to the cathode, the glow 
transfers to gis. If, simultaneously 
with the restoration of gia to +60 
volts, a 120-volt negative pulse is 
QS applied to gz, the glow moves to goa. 
When guide 2 is restored to its origi- 
nal potential of +60 volts relative to 
the cathode, the glow moves forward 


Ye to the next cathode k3. Each succes- 
Ore | sive pair of two pulses causes the dis- 
gin charge to move to the cathode one 

pigs step in the clockwise direction. 
4 A circuit suitable for use with the 
> Se GC10A is shown in Fig. 10-26. A 


shaped pulse of fixed height and 
duration is supplied to the input by 
a univibrator. The two pulses, for 
the guide electrodes, with their 
proper time lags, are produced in 
the circuits containing the double 
triode (Tla and 716), both sections 
Fic. 10-25. Schematic diagram of a of which are biased to cutoff. The 
cold-cathode decade counting tube. delayed pulse is produced when the 
rising edge of the pulse at the anode 
of Tla, after differentiation, drives 71b into conduction. The shapes and 
timing of the pulses are indicated in Fig. 10-26. When the tenth cathode in 
the Dekatron is reached, the output pulse occurs. This circuit is capable 
of counting at rates up to 2,500 counts/sec. 


+350v | Grid Tla 


120v 
Anode Tig 
—s 






Input 
pulse 
SL Dekatron GCIOA 
o Grid T18 


Output 
120v 
Anode 


T1d 
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Fic. 10-26. Driver circuit for a Dekatron GCIOA decade counter tube. [From J. C. 
Baker and G. G. Eichholz, Nucleonics, 12:44 (April, 1954).] 
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The Philips tube [23], type E1T, is one of the most satisfactory electron- 
beam scaling tubes. In this device a beam of electrons is focused on a 
slotted screen which provides 10 stable beam positions. Corresponding to 
each position there is a numbered spot on a fluorescent screen on the inside 
wall of the tube; this spot lights up when hit by the beam. As the beam 
sweeps across the slots, the current fluctuates; it provides a particularly 
large pulse when it reaches the tenth, or output, position. 

Several circuits have been developed [23] for driving the E1T tube. 
Baker and Eichholz (20] have described one which is capable of reliable 
counting up to 10° counts/sec. 


COUNTING-RATE METERS 
10-15. Basic Counting-rate Circuit 


A counting-rate meter is a device which indicates the counting rate 
directly. It is to be distinguished from the counter, i.e., a scaler-impulse- 
register combination, used in conjunction with a timer. The counting- 
rate meter has the advantage that the counting rate can be indicated and 
recorded continuously. On the other hand, the counter-timer combination 
can attain the highest accuracy in situations in which the measuring time is 
limited. 

Most counting-rate meters are arranged so that each input pulse feeds 
a known charge qg into a tank capacitor which is shunted by a resistor R. 
The voltage across the capacitor builds up to an equilibrium value at which 
the rate of loss of charge through the shunt resistor equals the rate of input 
of the charge by the pulses. If the charge per pulse is a constant, the equi- 
librium value of the voltage v is 


vy=rqR (10-23) 


where r is the average number of pulses per second. If a linear meter is 
used to measure », a linear relationship exists between the meter reading 
and the counting rate. 

The equilibrium voltage across the tank capacitor, as given by Eq. 
(10-23), is seen to be independent of the size of the capacitor. However, 
the capacity does affect the time required to reach equilibrium and the 
statistical accuracy, as discussed in Sec. 10-18. 

The diode-pump circuit [24] which is shown in Fig. 10-27 is a satisfactory 
method of feeding the charge into the tank capacitor. The generator E 
with internal resistance Ry produces a rectangular pulse of duration T and 
height V. The capacitor C; is charged, through the resistance R, in series 
with 71, up to nearly the pulse voltage V, provided that the pulse duration 
T is greater than about five time constants or 5R,C;. When the input pulse 
returns to zero, C, discharges through T2, placing a fixed charge VC; per 
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pulse on the tank capacitor C:, provided that the following conditions 
hold: 


CrKC, 
v<V 


and + — T > SRC, 
The first two conditions ensure that negligible charge remains on C; in equi- 


librium, while the third condition ensures that sufficient time elapses for 
equilibrium to be nearly reached before the next pulse occurs. 





Fic. 10-27. Diode-pump circuit for a counting-rate meter. 
[From E. H. Cooke-Yarborough, Proc. Inst. Elec. Engrs., 
(London), 98 (pt. 2):191 (1951).] 


If the condition v < V is not satisfied, the charge per pulse becomes 
(V — v)C;; therefore Eq. (10-23) leads to 


Vr yh 
as +7C,R (10-24) 
This equation indicates that, by proper choice of circuit components, rela- 
tionships between voltage and counting rate other than linear can be ob- 


tained. 


10-16. Linear Counting-rate Meter 


Several circuits for linear counting-rate meters have been described in the 
literature (6,24,25]. Figure 10-28 is a block diagram which represents 
these instruments. The requirements for and the circuits used in the ampli- 
fiers and the discriminators are the same as those described for previous 
pulse circuits. In some counting-rate meters, the pulse shaping is accom- 
plished by univibrators (see Sec. 10-9); in others the output of a scale-of-2 
circuit is used as the shaped pulse. 


a: Pulse- Counting: Vacuum - 
Amplifier Discriminator h rate tube Recorder 
ne circuit voltmeter 


Fic. 10-28. Block diagram of a counting-rate meter. 
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The counting-rate circuits are all basically the diode pump. They differ 
in the way in which the range and time constant are varied and in the man- 
ner in which linearity is achieved. The Cooke-Yarborough circuit [24] 
satisfies the condition v << V by making C;, and R of Fig. 10-27 the feed- 
back elements of a fed-back d-c amplifier, as shown in Fig. 10-29. The 
capacitor C, discharges into C, through 72 as before; however, because of 
the feedback, practically all the resultant voltage change appears on the 
output terminal side of C,;. This is the case because the feedback in the 
amplifier circuit consisting of 73 and 74 keeps the potential at the grid of 





Fie. 10-29. Diode-pump circuit with a fed-back amplifier. [From 
E. H. Cooke-Yarborough, Proc. Inst. Elec. Engrs. (London), 98 (pt. 2):191 
(1951).] 


T3 nearly constant. The voltage change appearing at that point is less 
than that across C, by the factor G, where G is the gain of the d-c amplifier 
without feedback. 

Figure 10-30 is the complete schematic diagram (except for the dis- 
criminator) of the Cooke- Yarborough [24] linear counting-rate meter. The 
pulse shaping is accomplished by the scale-of-2 circuit consisting of tubes 
V7 and V8 followed by the limiter tube V9. The remainder of the circuit 
is the diode pump and feedback amplifier as discussed above. 

The instrument as shown has six ranges varying from 0 to 1 pulse/sec to 
0 to 100,000 pulses/sec; the range is selected by the ganged switch S5. The 
switch S6 adjusts the tank-circuit time constant. 

Both a panel-type meter and a recorder jack are provided for reading the 
output. The instrument, when properly adjusted and calibrated, is capable 
of 1 per cent full-scale accuracy and stability. Further, its resolving time 
is less than 5 psec. 


10-17. Logarithmic Ceunting-rate Meters 


When wide ranges of counting rates must be covered, the linear counting- 
rate meter may have serious limitations. The accuracy and sensitivity at 
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Sec. 10-24. Stone and Wade [26] have described a design utilizing a loga- 
rithmic-diode-type amplifier. The instrument is calibrated to read from 
1 to 10° counts/sec on a single scale. LeVine [27] has also described a loga- 
rithmic counting-rate meter. This 1s a moderate-accuracy instrument 
which covers five or more decades; it is specifically intended for use with a 
portable scintillation counter. The circuit utilizes the nearly logarithmic 
grid-current versus plate-current characteristic of a variable-mu tube. 

Cooke-Yarborough [28] has designed a logarithmic instrument that is a 
very good approximation to a logarithmic law and is at the same time in- 
dependent of vacuum-tube characteristics. The proper response is ob- 
tained by adding the outputs of a number of diode pumps, each of which 
has a response of the type given by Eq. (10-24). If all the diode pumps are 
driven in parallel and the time constant RC, of each one differs from that of 
the preceding one by a factor of 10, the sum of the outputs of the several 
diode pumps is shown [28] to be a logarithmic function of the counting rate 
r. The instrument which is described [28] employs six diode pumps. It is 
capable of operation over five decades with an accuracy better than 10 per 
cent over the entire range. Higher accuracy is obtained by decreasing the 
range. 

A logarithmic counting-rate recorder with an instrument error of less 
than 1 per cent employs a rotating cylinder with a logarithmic spiral cut 
uniformly around it [29]. The recorder plots directly points which are 
proportional to the logarithm of the time for a predetermined number of 
counts. The recorder is controlled by a scaler. At the beginning of the 
counting period, the cylinder starts to rotate, causing the marker to ad- 
vance along the logarithmic spiral. At the end of the predetermined count, 
the scaler actuates the marker; the displacement of the marker is propor- 
tional to the logarithm of the elapsed time. 


10-18. Accuracy of Counting-rate Meters 


The instantaneous value of the voltage across the tank capacitor in a 
counting-rate meter fluctuates even though the source of the pulses which 
it is counting has a constant average value. These variations are contrib- 
uted to by the exponential discharge-charge characteristic of the tank 
circuit, as well as by the statistical nature of the radiation-detector output 
which the meter receives. Since this problem is essentially identical to that 
discussed in Sec. 3-8 for a mean-level ionization chamber, the results de- 
rived there are applicable. By Eq. (10-23), the equilibrium value of the 
average voltage v is rgk. The standard deviation o of an instantaneous 
value taken at random is obtained from Eq. (3-33) as 


hg 
Oy = (rR) ( 1 0-25) 
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where FR and C; are the resistance and capacity, respectively, of the count- 
ing-rate-meter tank circuit. 

For determining the improvement in accuracy by taking the time average 
of the recorded output, Eq. (3-36) may be used [30]. 


Example 10-8. A linear counting-rate meter having a tank-circuit time constant of 
20 sec is used to measure a detector output of about 10 counts/sec. Find the percentage 
standard error for a single reading and for one averaged from a recorder trace over a 
2-min interval. Assume that sufficient time has elapsed for equilibrium to be established 
and that the instrument errors are entirely statistical. In addition, compute the time 
required to obtain the same accuracies with a scaler-timer combination. 

Solution. By Eqs. (10-23) and (10-25), the percentage error of a single reading is 


Percentage error = (r2RC,)-»%4 & 100% = [(10)(2)(20)]-%4 XK 100% = 5% 


The error in the mean of a 2-min interval is, by Eq. (3-36), 


RC, 


Percentage error = on BR ( - a + T e-/#0,) 


g\l-gt+ge 14% 
By Eq. (3-24), the time ¢ required to obtain a given percentage error o by a scaler-timer 
combination is ¢ = 10‘/o%r. Therefore, for a 5 per cent error, 


_ _ 10 
(5)*(10) 


while for a 1.4 per cent error, ¢ = 500 sec. 


= 40 sec 


The results of this section were based on the assumption that sufficient 
time had elapsed for equilibrium to be established in the tank circuit. It 
can be shown [31] that, if the meter is subjected to a constant input, the 
tank circuit comes within o;, or one standard deviation for a single reading, 
of the equilibrium value in a time t given by 


tp = RC.(M% In 2rRC, + 0.394) (10-26) 


COINCIDENCE CIRCUITS 
10-19. Resolving Time in Coincidence Circuits 


A general discussion of coincidence circuits was included in Sec. 2-9. In 
addition, examples of the uses of coincidence circuits have been outlined in 
numerous places throughout this book. Detailed descriptions of applica- 
tions of coincidence techniques are available in many references, including 
Bleuler and Goldsmith [32]. 

The importance of the coincidence-circuit resolving time 7 was discussed 
in Sec. 2-9. The reduction of 7 not only reduces chance coincidences as 
given by Eq. (2-5) but also increases the resolution in the measurement of 
short time intervals between pulses. 
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The resolving time may be determined experimentally by a method which 
is based on Eq. (2-5). Two independent sources are counted by two dif- 
ferent counters. The two sources must be well shielded from each other so 
that no direct or scattered radiation which is in true coincidence can reach 
both counters. Under these conditions the coincidence counting rate 7, is 
caused by the chance coincidences c, due to the finite resolving time of the 
system and the background coincidence rate b, due to cosmic rays which 
actuate both counters. Thus one has 


te = Ce + db. = @rnine + D, (10-27) 


where 7, and 7%, are the individual counting rates measured by the separate 
source-counter combinations. The quantity 2r is therefore the slope of the 
straight line which is obtained by plotting the measured coincidence rate 11, 
versus the product 7%. 

Alternatively, + can be determined by the measurement of the true- 
coincidence counting rate as a time delay which is inserted between two 
pulses, otherwise in coincidence, is varied. The full width of the curve of 
coincidence rate versus delay time, measured at half height, is taken as the 
quantity 27, by definition. 

The over-all resolving time in a coincidence apparatus is dependent on the 
input signals as well as on the coincidence circuits. It is relatively easy to 
build a coincidence circuit whose resolving time is limited by the perform- 
ance of presently available counters. Bell [33] has reviewed the status of 
fast-coincidence techniques; resolving times as low as 10-* sec have been 
reached with circuits employing scintillation, Cerenkov, and electron- 
multiplier counters. 

In order to reach the lowest resolving times, it is necessary to bring the 
pulses into the actual coincidence circuits with a minimum amount of 
amplification and pulse shaping between the counter and the coincidence 
circuit. This fact puts a premium on coincidence circuits that will work 
with the small pulses that come directly from the counters. 


10-20. Rossi or Parallel Coincidence Circuit 


The basic circuit of the Rossi coincidence counter is illustrated in Fig. 
10-31. Circuits of this type are sometimes referred to as parallel coinci- 
dence circuits because of the parallel paths for the current flow through the 
two tubes. In the quiescent condition, each of the tubes 71 and 72 is 
conducting, carrying a current 1; this results in a voltage drop 2R: across the 
common plate resistor. The input signals are negative pulses. A single 
negative pulse reduces the plate current in one tube, thereby tending to 
reduce the voltage drop in R. However, if the two inputs receive negative 
pulses simultaneously, a larger change in the voltage drop occurs, thus 
producing a larger positive output pulse. By following this circuit with a 
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discriminator which passes the output pulses due to coincident inputs while 
rejecting the smaller ones due to single inputs, coincident counting is 
achieved. 

If the resistance R is large compared with the tube resistances in the 
quiescent state, the drop across R approaches +E. Further, because of the 
anode-bend characteristic of the pentode, a single negative pulse sufficiently 

large to cut off the current in one 

tube makes but a small change in the 

eee voltage drop. On the other hand, co- 

incident pulses cutting off both tubes 

Input 2 Simultaneously causes a large posi- 

Ee tive output pulse which the succeed- 

ing counter can easily distinguish 

from that due toa single input pulse. 

Fic. 10-31. Basic Rossi coincidence cir- The use of large values ° f asa 

nuit ance in the plate circuits limits the 

minimum resolving time achievable 

with this circuit. The input-pulse durations must be of the order of 

the time constant RC, where C is the distributed capacity from the tube 

plates to ground. Thus if R is 50,000 ohms and C is 20 uyf, the time con- 

stant is 1 usec. This limits the minimum useful pulse lengths and therefore 
the resolving time to the order of 1 usec. 








Fic. 10-32. Fast Rossi coincidence circuit. 


To achieve really short resolving times with this circuit, R must be quite 
small. If the capacity can be reduced to as small a value as 10 puf, R can 
be, at the most, 100 ohms for a time constant of 10-® sec. The addition of 
the diode and potentiometer to the basic Rossi coincidence circuit, as 
shown in Fig. 10-32, makes it possible to discriminate between the small 
single and coincidence output pulses which result with the small values of 
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kt. The diode D is biased by means of the potentiometer to pass only the 
pulses produced by the coincident pulses. 

Other variations of the parallel coincidence circuits have been discussed 
by Bell [33] and by Elmore and Sands [6]. 


10-21. Series and Bridge Coincidence Circuits 


The series coincidence circuits [34] are equivalent to two switches in 
series, both of which must be closed for the current flow to occur. Positive 
input pulses effectively close the switches; the existence of an output 
current indicates the occurrence of coincident input pulses. 

A series coincidence circuit developed by Fischer and Marshall [35] is 
shown in Fig. 10-33. The coincidence circuit proper consists only of the 





Fic. 10-33. Diagram of the 6BN6 coincidence circuit. [From 
J. Fischer and J. Marshall, Rev. Sct. Instr., 23:417 (1952).] 


6BN6 tube. This is a gated-beam tube, having the property that either of 
the two grids, G, or Gs, can effectively cut off the plate current, independent 
of the voltage on the other grid. If positive pulses are applied in coincidence 
to G; and G3, large currents flow to the plate, thus charging up the plate-to- 
ground capacity; this produces an output pulse which is further amplified 
by the 6AK5 tube. This circuit is capable of resolving times less than 10-° 
sec. Further, it will operate with small-amplitude input pulses, a few volts 
being adequate except for the shortest-duration pulses. 

Crystal diodes have been employed in coincidence circuits in various 
ways. Parallel coincidence circuits based on crystal diodes have been de- 
veloped [36]; however, these offer little if any gain over vacuum tubes. 
More recently Bay and co-workers [37-40] have developed bridge-type 
coincidence circuits which are based on diodes. These circuits are simple 
and compact and will work with small input pulses. Further, they are 
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capable of resolving times of less than 10-* sec. Their main disadvantage 
lies in the difficulty of preventing large single input pulses from producing 
an output pulse and thus being counted as coincident events. 


SMALL-CURRENT ELECTROMETERS 
10-22. D-C Feedback Amplifiers 


The various types of d-c electrometers were surveyed in Chap. 4. These 
included mechanical electrometers which operate by electrostatic forces, 
vacuum-tube electrometers, and vibrating-capacitance electrometers. In 
the present chapter vacuum-tube electrometers employing feedback ampli- 
fiers and vibrating-capacitance am- 
plifiers are described in detail. 

Vacuum-tube electrometers of the 
type shown in Fig. 4-8 are rather 
dependent on tube characteristics 
and power-supply voltages for their 
scale linearity and stability. Con- 





PR >>Ro sequently, feedback amplifiers have 
Fic. 10-34. Schematic diagram of a been developed for electrometer ap- 
100 per cent fed-back amplifier. plications partially to circumvent 


these difficulties. One hundred per 
cent negative feedback is usually employed. This is illustrated in Fig. 
10-34. A high-gain amplifier is connected in such a way that the output 
signal EF, is fed back in series with the input signal E,,. Thus the volt- 
age which appears at the amplifier input is 


Ein = Euig + Eo (10-28) 
Using the relationship E. = — GE;ja, one obtains the expression 
— Big 
i= TG ue) 
Thus if G> 1, 
~ EB. Tin — Ro 
E, = Euig and I, (10-30) 


The amplifier is seen to act as a current amplifier, the gain of which is de- 
pendent only on the output and input resistors. This makes possible not 
only improved stability but also very good linearity in the input-output re- 
lationship. 

The feedback affects the impedance between the input and ground in 
such a manner that the capacitance C' is reduced to C/(1 + G). This ef- 
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The a-c component of this error voltage is amplified by the preamplifier 
and the four-stage a-c amplifier. 

The output of the amplifier is used to drive the two-phase balancing 
motor which moves the instrument slide-wire to the balance condition, thus 
eliminating the error signal and stopping the motor. The balancing motor 
also drives the indicator and the pen recorder. In fact, a Brown strip- 
chart recorder was used for the servo portion of this instrument as well 
as for the four-stage a-c amplifier. 

The instrument which was described by Reese had a full-scale deflection 
of 10 mv on the most sensitive scale. Its zero adjust was very stable, any 
drifts being due primarily to variations in the contact-potential difference 
across the plates of the vibrating capacitor. By special design of the 
capacitor, this variation was kept as low as 0.5 mv over a period of 
months. 

By employing the rate-of-drift method (see Sec. 4-11), after replacing 
R, by an open circuit, currents as small as 10-'* amp can be measured by 
the vibrating-capacitance electrometer. The lower limit on the current 
is set by the background currents such as those produced by mechanical 
stresses in the insulators which are employed in the input circuit. 

The instrument which was designed by Palevsky et al. [44] is basically 
similar to the one just described in that it employs an a-c amplifier to 
amplify the signal which appears across the vibrating capacitor. However, 
instead of the servo system and slide-wire, it uses a phase-sensitive rectifier 
at the a-c amplifier output. The d-c output current operates an indicator 
and a recorder. The output voltage across this output circuit is fed back 
to the input by 100 per cent negative feedback. Since the a-c amplifier 
gain is large (around 1,000), the output voltage is maintained approximately 
equal to the input signal, as was discussed in the previous section. 

Both types of vibrating-capacitance electrometers which are discussed 
above have the limitation that the methods of feedback which are employed 
do not reduce the input capacity, as was the case for the 100 per cent nega- 
tive-feedback vacuum-tube electrometers. Therefore the latter-type instru- 
ment has a decided advantage with regard to speed of response. Wade and 
Stone [46] have described an electrometer which combines the speed of 
response of the d-c vacuum-tube feedback electrometer with the low zero 
drift of the vibrating-capacitance instrument. This electrometer contains 
a d-c amplifier, the output of which is fed back negatively to its input. 
The error voltage at its input also passes to a vibrating-capacitance am- 
plifier. The output of this latter amplifier, after rectification and filtering, 
is applied to the second grid of the differentially connected input of the d-c 
amplifier. In effect, the vibrating-capacitance amplifier degenerates the 
slow drift of the d-c unit without affecting the speed of response of the 
system. The extremely rapid response of this instrument, combined with 
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its good stability and low-drift characteristics, make it a useful instrument 
for reactor controls. 


10-24. Logarithmic Amplifiers 


When an instrument is required to operate over a wide range, it is often 
desirable that its response be logarithmic. This is particularly true if the 
nature of its operation makes frequent scale switching unfeasible. Log- 
arithmic counting-rate meters were discussed in Sec. 10-17. In addition, 
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Fic. 10-37. Anode-to-cathode voltage versus diode current for the type 9004 diode; 
diode current range, 10-3 to 10-* amp; heater voltages, 3.15 to 6.5 volts. (From W. H. 
Jordan, H. B. Frey, and G. G. Kelley, U. S. Atomic Energy Comm. Document ORN L- 
110, 1948.) 


the Neher-White ionization-chamber instrument, described in Sec. 4-16, 
had a logarithmic response. Logarithmic instruments are particularly 
useful in nuclear-reactor control systems, as discussed in the next section. 

The various methods of obtaining a logarithmic response were reviewed 
by James [47]. The methods which were considered included diodes with 
negative anodes, contact rectifiers, variable-mu tubes, and special slide- 
wires. In addition, instruments based on the nearly logarithmic relation 
between the voltage and gain in a photomultiplier tube have been described 
[48-50]. Only the diodes and the photomultiplier-tube methods are dis- 
cussed in this text. 
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An empirical equation which relates the anode-to-cathode voltage v and 
the diode current 1 is 


v= A logit (10-33) 


For a type 9004, A is 0.21 volt. The quantity v, is independent of + but 
varies with heater voltage and also with the particular tube. Its value is 
. about 1 volt when 7 is expressed in 
Ionization 
chamber amperes. 

The use of a diode in a logarithmic 
amplifier is illustrated in Fig. 10-39. 
The input current of the electrometer 
must be small compared with the 
diode current. In addition, the elec- 
trometer sensitivity must be con- 
sistent with the change in anode-to- 
cathode voltage, that is, 0.21 volt/ 
decade. The zero adjustment in the electrometer may be used to adjust the 
output scale of the meter. 

A variation of the logarithmic diode is obtained by allowing a triode grid 
to serve the function of the negative anode in the diode. Thus the grid 
voltage varies as the logarithm of the grid current. Since the triode plate 
current varies approximately linearly with the grid voltage, the plate 
current of the triode varies approximately as the logarithm of the grid 
current. The circuit in Fig. 4-18 illustrates this application. 

Still another logarithmic amplifier [53] uses a pentode in the manner 
shown in Fig. 10-40. The d-c amplifier maintains the anode current of the 

O-c 


D-c 
= 
Output Period 
recorder meter 


Fic. 10-40. Block diagram of a logarithmic channel for reactor 
instrumentation, employing a logarithmic amplifier. (From R. J. 
Coz, A. B. Gillespie, and W. Abson, ‘‘Proceedings of the Internattonal 
Conference on the Peaceful Uses of Atomic Energy,’’ vol. 5, p. 393, 
United Nations, New York, 1956.) 







electrometer 
(linear) 


Fic. 10-39. A logarithmic amplifier 
using a diode. 
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amplifier constant by varying the screen-grid potential to accommodate 
changes in control-grid potential. The screen-grid potential varies as the 
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logarithm of the input current, and the stability of the circuit to variations 
in heater supply is better than that of the single diode. With an ME.1400 
(CV.432) at 200 vamp of anode current, the logarithmic characteristic 
extends over six decades from 5 X 10-" to 5 KX 10-5 amp. Alternatively, 
the electrometer pentode ME.1403 
(CV.2348) at an anode current of 10 
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pamp will operate satisfactorily from +} —_ | 4 
10 wo 10amp. a 
The relationship between the elec- A 
tron multiplication in a photomulti- 108 | | Zl 
plier tube and the voltage applied to SS 
its dynodes was discussed in Chap 7. a! aa cy sewer Ceca 
: : ; : eee ee Gon ee 
Figure 7-13 1s a typical curve illus- Re ee eS 
trating this function. Figure 10-41 Pf FT 
presents the same data plotted on — §10° ee ae 
semilog paper. While the applied 8 ee 
voltage is not strictly a logarithmic 3 Se 
function of the multiplication, thisis ©& [| | / [| [| 
a sufficiently good approximation to © Pte ee 
be useful for these applications. 310* — 
A block diagram of a wide-range eee 
radiation-detection instrument [49] fe chee Pe eee a ee 
is shown in Fig. 10-42. The detec- Bens eased 
tor for this instrument is a scintilla- ‘03 Fede 
tor such as an Nal crystal. The Se ee 
current produced in the photomulti- opt 
plier by the radiation is allowed to ie 
pass through the resistor R shunted = 
by the capacitor C. The average 10° Ed Ld 
value of the current is held constant 0 50 100 150 200 


Volts / st 
by keeping the voltage drop due to mune OMe 


it equal to the reference voltage Ep. 
Any error in the relationship ener- 
gizes the servoamplifier so as to ad- 
just the photomultiplier-tube voltage. Thus the voltage V applied to the 
phototube is a measure of the radiation level. In this application a change 
of six decades in the radiation level is represented by a voltage change from 
800 to 200 volts. 


Fie. 10-41. Current amplification ver- 
sus tube voltage in the Du Mont type 
6292 photomultiplier tube. 


10-25. Log n Meters and Period Meters 


The power level of a reactor varies over many orders of magnitude in 
passing from start-up to full power. The “‘log n meter,” so called because 
it measures the logarithm of the neutron density n, is an important compo- 
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nent of a reactor control system which makes possible a continuous meas- 
urement of n over several decades. An instrument such as that shown in 
the block diagram in Fig. 10-39 will serve as a log n meter provided that 
the ionization chamber is one of the current type which is used for neutron 
detection, as discussed in Chap. 9. Since the ionization-chamber current 2 


Difference signal 












High-voltage 
power 











Servo- 


multiplier omplifier 


Fic. 10-42. Block diagram of a wide-range instrument employing a photomultiplier 
tube. [From L. Burgwald and W. Reiffel, Nucleonics, 11:46 (March, 1953).] 


18 proportional to the neutron density n, the voltage across the diode is 
given by the expression 


v=Alnkn+y (10-34) 


Therefore the indication on the output meter is a logarithmic function of 
n. For very low levels, such as may occur in reactor start-up, a pulse-type 
neutron detector (usually a fission counter) can be employed. This detector 
feeding into a logarithmic counting-rate meter can function as a log n 
meter. 

An additional logarithmic instrument which is used in reactor control 
systems is the period meter. It measures the reactor period 7’, where T' is 
the e folding time; here the reactor power is assumed to be increasing ac- 
cording to an exponential function of time. Since the reactor power and 
neutron density are proportional, the expression for 7 is 


n = ne'!T (10-35) 


where n, is the neutron density at t= 0. If, again, a logarithmic diode 
is used along with a current ionization chamber, the voltage across the 
diode is obtained by substituting Eq. (10-35) in Eq. (10-34). This gives 


p= + Alnkn, + 0 (10-36) 
If the voltage v across the diode is amplified by means of-a d-c amplifier 
and the output v’ of the amplifier is applied to a differentiation network, 


as shown in Fig. 10-43, the current flow 7’ through the output meter M is 


i’ = ce + iyet/Re (10-37) 


Se fe a i SS Los eT ll, een ieee 
= —S 
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where 7, is a constant, the value of which depends on the initial conditions 
in the output circuit. Neglecting the transient term and substituting Gv 
for v’, where G is the amplifier gain and »v is given by Eq. (10-36), one has 

. ._ GAC _ k' 

EE 

Thus the current through the output meter is inversely proportional to 

the period 7, and the scale of the meter can be calibrated to read the 
period directly. 


(10-38) 
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D-c 
omplifier 





Fic. 10-43. Block diagram of a period meter. 


The time constant RC is an important parameter in the design [51] of a 
period meter. If it is too large, the transient term dies out too slowly, and 
the instrument does not respond quickly enough to changes in periods. On 
the other hand, making the time constant too small increases the relative 
importance of the transient current which is produced by sudden changes 
In output voltage. It has been shown [51] that the ratio of the current 1’ 
due to a period T to 1/, the transient current due to a step change in power 
from P, to P, is 

aw RC 

i: T In(P/P.) 
Thus, if the time constant RC is 1 sec, a jump in power level by a factor 
of e would produce a transient signal equal to that due to a 1-sec period. 

Figure 10—44 is a circuit diagram of a combination log n and period 
meter [51] which is based on the principles that were discussed above. 
The logarithmic diode is a type 9004. The d-c amplifier employs three 
stages with negative feedback between the cathodes of the first and last 
stages to stabilize the gain and to improve the linearity. The quantity 
log n may be read on the meter M; or on a 10-mv recorder connected 
to J 6. 

Two derivative circuits are provided for indicating the period. The 
first is for measuring periods from 50 to 3 sec, the 3-sec period producing a 
full-scale deflection on the 100-yamp meter M, or on the recorder connected 
to J,. The time constant R,;C;, of this circuit is 1 sec. The second deriva- 
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voltage circuit. The reactor period is given by differentiation circuits 
which are connected across the same portion of the circuit. 

The photomultiplier logarithmic-level-period meter has proved to be 
highly satisfactory. Instrument drift in the level output information is 
negligible, and the stability of the period information is reported [50] to be 
at least an order of magnitude better than that of a logarithmic diode 
period meter. The increased stability of the instrument is partially due 
to the much larger voltage change per decade change in the input signal. 


PROBLEMS 


10-1. A parallel-plate ionization chamber containing argon at 1 atm of pressure is 
used to count alpha particles. Compute the time for a pulse to reach (a) one-half of its 
final value and (0) its final value, if the applied voltage is 200 volts, the plate spacing is 
2 cm, and the path of the alpha particles is paralle] to the chamber plates. 

10-2. Consider an idealized pulse amplifier with an integration time constant of 2 usec 
and a differentiation time constant of 10 usec. Compute the following characteristics 
of the amplifier: rise time, delay time, clipping time, and pulse duration. 

10-3. A counting-rate meter with a time constant of 10 sec is used to measure an 
average counting rate of about 500 counts/min. Compute the standard error of an 
instantaneous reading and of a mean taken over a 2-min interval. In addition, estimate 
the time required for the instrument to reach essentially equilibrium as the tank capacitor 
charges up after a large increase in the counting rate. 

10-4. Describe in detail one type of multichannel pulse-height analyzer. 

10-5. Explain how coincidence measurements can be used to measure the absolute 
activity of a radioactive source (see Ref. 32). What are the requirements of the source 
for this method to be applicable? 

10-6. Draw the schematic diagram in block form for a log n meter employing a type 
9004 diode (see Figs. 10-37 and 10-38), to read the output of a PCP neutron chamber. 
Specify the flux range to be covered and indicate the sensitivity that is required for the 
voltmeter. 
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Absolute activity, beta sources, 135, 158- 
160 
measurement by calorimeter, 249 
of neutron source, 310 
Absolute thermal-flux measurements, 
standard pile, 311 
Absorption, energy, measurements by 
calorimeters, 249-254 
of radiation, 2—40 
alphas, 2-10 
betas or electrons, 13-19 
fission products, 12, 13 
gamma rays (see Gamma rays) 
importance in radiation counting, 133 
neutrons, 28-40 
resonance absorption integral, 291 
self-, in beta sources, 1380-132 
in windowless flow counters, 157 
Absorption coefficients, of betas, 18 
of gammas, 20-28 
linear, 21 
mass, 22 
true-energy, 27, 95 
Absorption factor, 133 
Accuracy, of counting measurements, 54, 
58-62 
of counting-rate meter, 353, 354 
of mean-level systems, 63-65 
(See also Errors) 
Activation, neutron (see Neutron-activa- 
tion detectors) 
Activation integral, resonance, 284, 291 
Activity (see Absolute activity) 
Air-wall ionization chamber, 87-89 
Alkali-halide crystals as scintillators, 170 
band picture of, 170, 171 
Alpha particles, absorption of, 2-6 
detection of, by flow counters, 155-158 
by nuclear emulsions, 222 
by scintillators, 189 
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Alpha particles, energy measurements, 
110, 111 
general properties, 2—12 
particles similar to, 2 
ranges, 6—12 
in air, 7-10 
differential distribution curves, 6 
extrapolated, 6 
formulas for, 7 
integral distribution curves, 6 
mean, 6 
in various substances, 9-12 
stopping power, 3, 10 
straggling of, 6 
Aluminum-absorber curve, 133 
Amplifier, feedback, in count-rate meter, 
351 
for d-c electrometer, 358, 359 
schematic diagram of, 358 
three-tube-type, 335, 336 
linearity of, 333 
logarithmic, 362-365 
pulse (see Linear amplifier) 
Amplifier noise (see Noise) 
Anthracene, dependence of efficiency on 
energy, 173, 174 
properties, 166-168 
Anticoincidence circuit, use 
height analysis, 50 
Antimony-cesium photocathode, 181 
Attachment coefficient, electron, 68 
Autoradiography, 222 
Avalanche, in G-M tube, 122 
in proportional counters, 149 
Townsend, 122 
Average counting rate, 53 


in pulse- 


Background, in ionization chambers, 78 
in proportional counter, 155 


372 


Background, for scintillation detectors, 
192 
Backscattering of betas, 130, 205 
Backscattering factors, 129-132 
Band picture of alkali-halide crystals, 170, 
171 
Barn defined, 30 
Beta-gamma survey instrument, 92-94 
Beta particles, detection of, 128-136 
dosimetry of, 96-99 
spectral measurements, 159, 160, 204 
(See also Electrons) 
Beta-type G-M tube, 127-136 
absolute counting by, 135 
efficiency of, intrinsic, 134, 135 
over-all, 128-136 
geometry factor, 129 
Binomial-distribution law, 55 
efficiency calculation by, 135 
for radioactive decay, 56 
Boron, neutron cross section of, 38 
Boron-10 neutron detectors, 261-269 
counting-rate-tube-voltage character- 
istics, 262, 264 
current ionization-chamber-ty pe, 265 
efficiency of, 263 
Boron-10 (n, a) reaction, neutron detec- 
tion, 259-269 
in scintillators, 296 
used with thermopile, 207 
Boron-lined counters, 263-269 
electrically compensated ion chamber, 
268 
parallel-circular-plate ionization 
chamber, 265 
Boron-trifluoride-filled detectors, 261-263 
Bragg curve, 5 
Bragg-Gray chambers, 96-99, 279 
Bragg-Gray principle, 85, 86, 88, 96-99, 
239 
Bremsstrahlung, energy loss by electrons, 
17 
Bubble chamber, 228 


Cadmium, neutron cross section of, 36, 37 
Cadmium-covered detectors, foils, 285- 
292 
correction for, 290 
Cadmium ratio, 291 
Calibration of dosimeters, 94-96 
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Calorimeters for nuclear measurements, 
248-254 
activity, 249-252 
in dosimetry, 252-254 
types of, 250, 251 
Capture-gamma-ray detector, 301-303 
Cathode of G-M tube, 117 
Cathode-follower circuit, 336-338 
Cerenkov detectors, focusing-type, 235 
nonfocusing-type, 236 
radiator materials, 233 
Cerenkov radiation, applications of, 232— 
236 
particle counting by, 230-236 
production of, 230 
Ceric sulfate dosimeter, 244, 245 
Cesium oxide for photocathode, 181 
Chamber, pocket, 90-92 
“Chang and Eng,’’ 280, 281 
Charger-charge-reader unit, 89, 90 
Chauvenet’s criterion, 61 
Chemical effects induced by radiation, 237, 
238, 242-247 
Chi-squared test, 62 
Chlorinated hydrocarbons, 247 
Circuits, cathode-follower, 336-338 
coincidence (see Coincidence circuits) 
feedback, 335, 358-360 
input, equivalent of, 319, 320 
for G-M tube, 117, 118 
for proportional counter, 319 
for scintillation detector, 319 
Cloud chambers, 212, 213, 224-228 
comparison of types, 227, 228 
diffusion, 225, 226 
expansion-type, 225 
ion removal from, 226 
principle of operation, 224, 225 
Coincidence circuits, background rate in, 
355 
bridge-type, 357 
fast-type, 356 
resolving time in, 50, 354, 355 
Rossi or parallel-type, 355, 356 
series-type, 357 
Coincidence measurements, 50, 162 
Coincidence techniques, for background 
reduction, 195 
delayed, 206, 207 
Collecting electrode, 71, 116, 150 
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Collection of ions, effect on pulse shape, 
101-107, 118 
induced charge from, 103-104 
Collection time, 103, 119 
Compensated ion chambers, 266-268, 279— 
281 
Compton scattering, gamma-ray absorp- 
tion, 20-22, 24-26 
Klein and Nishina calculation, 25, 26 
scattered energy, 26 
in single-crystal spectrometer, 201, 202 
true-energy absorption, 26, 27 
in two-crystal spectrometer, 203, 204 
Condenser-type ionization chamber, 52, 
89-92 
pocket chamber, 90-92 
roentgen meter, 89 
(See also Dosimeter) 
Conversion efficiency of scintillators (see 
Scintillators) 
Correction, absorption, 130-134 
dead-time, 134 
multiple counts, 134 
scattering, 130-131 
Cosmic-ray background, 78, 154 
Cosmic-ray measurements by nuclear 
emulsions, 222 
Counter, needle, 145 
Counter telescope, neutrons, 313 
Counters (see Crystal counters; G-M 
tubes; Proportional counter) 
Counting accuracy, 54, 58-62 
Counting equipment, tests for, 61, 62 
Counting experiments, design of, 59-61 
Counting losses, 49 
Counting-rate-high-voltage curves, of 
boron-10 neutron counters, 262, 264 
of Geiger-Miiller tubes, 121, 124 
for parallel-plate G-M tubes, 145 
for proportional counter, 154, 155 
for scintillation counters, 196, 197 
Counting-rate meters, accuracy of, 64, 353, 
354 
basic circuits, 349 
diode-pump circuit, 349, 350 
linear-type, 350-352 
logarithmic-ty pe, 351-353 
Counting system for nuclear particles, 47- 
49, 125, 344-354 
Counting time, optimization of, 59-61 
Counts, multiple, 129, 134 
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Cross section, barn, 30 
definition, 30 
macroscopic, 31 
mean, 32 
microscopic, 30 
(See also Neutron cross sections) 
Crystal counters, principle of, 229 
status of use, 229, 230 
Crystal diodes, use in coincidence cir- 
cults, 357, 358 
Crystal-sphere scintillation detector, 302 
Current, leakage, 75-77 
Current measurements, by electrometer, 
51, 78-80, 358-364 
rate-of-drift method, 83 
Current-voltage characteristics, ion cham- 
ber, 73, 74 
“Cutie Pie,’’ 92, 93, 98 
Cylindrical chamber, pulse shape in, 108, 
118-120 ‘ 
(See also Ionization chambers) 


Dead time, in G-M tube, 126, 127 
for parallel-plate G-M tubes, 145 
Dead-time correction, 129 ms 
Dead-time determination, 126, 127 
Decade counter tubes, 347-348 
driver circuit for, 348 
Decade scalers, 346-349 
Decay constant, 56 3+ 
Decay time, definition of, 167 
of scintillators, 166, 167, 198, 321 
effect on pulse shape, 321 
of ZnS(Ag), 298 
Delay-line pulse shaping, 329, 330 
Delay time, pulse, 323 
Delta rays, in nuclear emulsions, 221 
use in particle identification, 221 
Desiccants for insulators, 76 
Deuterons, properties of, 1 
ranges in air, 12 
Deviation, in average current, 63, 64 
standard, 55-58 
Differentiation time constant, 326-329 
Diffusion coefficients, 69, 70 
Discrimination, in flow counters, 155 
against gammas, 258, 259, 266-268, 270, 
279, 295, 301, 302 
in nuclear emulsions, 215 
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Discriminators, biased-diode and pentode 
types, 341 
Eccles-Jordan trigger circuit, 340 
Schmitt-type, 342 
use of, 48, 324 
Distribution laws, binomial, 55 
gaussian, 56 
normal, 57 
Poisson, 56 
Dose-rate meter, beta-gamma-type, 92-94 
Dose units, 86, 87 
Dosimeter, beta-ray, 96-99 
calibration of, 94-96 
ceric sulfate, 244 
condenser r-meter, 89 
ferrous sulfate, 240-244 
radiation chemistry of, 243 
film-badge-type, 223, 224 
gamma, 87-96, 138-140, 207, 208, 222, 
237, 248, 252, 254 
calibration of, 94-96 
Hurst-type, 276-278 
ionization-chamber-type, 85-100 
energy dependence of, 90-92 
nitrous oxide, 246, 247 
pocket, condenser-type, 90-92 
self-reading-type, 92 
Dosimetry, beta particles, 96—99 
by calorimeter, 251-253 
fast-neutron, 276-278, 314 
by gas evolution, 245, 246 
of neutrons, 313, 314 
by scintillation detectors, 307, 308 
by silver-activated phosphate glass, 247, 
248 
use of photographic films for, 222-224 
Dynodes, 179, 180, 182-184 
materials for, 183, 184 


Eccles-Jordan trigger circuit, 340 
Efficiency, of boron-10 neutron detectors, 
263 
conversion, in scintillators (see Scintil- 
lators) 
intrinsic, of G-M tubes, for betas, 134 
for gammas, 137-140 
calculation of, 137-139 
dependence on energy, 139 
peak, 192-194 
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Efficiency, intrinsic, of scintillators, 190- 
193 
dependence on gamma energy, 191- 
193 
for electrons, 195 
neutron, 245, 253, 313, 314 
of neutron scintillators, 296 
over-all, of end-window G-M counter, 
128-136 
of windowless flow-counter, 155 
Electrode, collecting, 71, 116, 150 
guard, 71, 77 
high-voltage, 71 
(See also Guard rings) 
Electrometer, electrostatic-type, 79, 80, 
85, 90 
Lindemann, 79, 80, 92 
for measurement of small currents, 51, 
78, 358 
resistors for, 78, 79 
string, 84, 85, 90 
vacuum-tube, 80, 81, 93, 358, 359 
vibrating-capacitance-type, 81, 92, 360— 
362 
Electron-attachment coefficient, 68 
Electron chambers, 106, 320 
Electron counting, by flow counters, 158, 
159 
by G-M tubes, 128-136 
by multipliers, 236, 237 
by scintillators, 193-195 
by screen-wall counter, 143 
Electron current in gas, 69-75 
Electron multipliers for particle counting, 
236, 237 
Electrons, attachment coefficients for, 68 
energy loss of, 13-19 
by inelastic collisions, 14, 15 
by radiation, 16, 17 
mass-absorption coefficients for, 18, 19 
mobility of, 67, 68 
ranges of, 17, 18 
recoil, 24-26 
scattering of, 14, 19, 130-134 
secondary, 20-28, 179-181 
specific ionization by, 15, 16 
Electroscope, gold leaf, 84 
Lauritzen, 84, 92 
Emission, secondary, 179-181 
End-window G-M tube (see G-M tubes) 
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Energy dependence, of G-M tubes for 
gammas, 138, 139 
of ionization chambers, 91, 93, 94 
of proton-recoil counter, 273-278 
of scintillator conversion efficiency, 173- 
175 
of scintillator intrinsic efficiency, 190- 
193 
Energy loss, per ion pair, 5 
specific, 4 
of various particles, 4 
Epithermal neutrons, detection of, 281, 
291-293 
reactions by, 284, 285 
Error, nine-tenths, 58 
percentage, 59 
probable, 58 
standard, 58 
Errors, combining of, 59 
in counting experiments, 58-62 
in mean-level systems, 63, 64 
statistical, 58-64 
Extrapolation chamber, for beta-dose 
measurements, 98, 99 
description of, 96, 97 


Fast-neutron dosimetry, 276-278, 314 
Fast-neutron flux measurements, counter 
telescope, 313 
by “Hornyak buttons,’ 299-301 
by “long counter,” 268, 269 
by nuclear emulsions, 306, 307 
by proton-recoil ion chambers, 272-280 


Fast-neutron spectrometer, nuclear-plate 
camera, 304, 306 


scintillation-type, 303, 304 
by threshold foils, 292, 293 
Fast neutrons, cross sections for, 33-39 
detection of, crystal-sphere scintillator, 
301, 302 
fission chambers, 269-272 
“Hornyak buttons,” 299-301 
“long counter,”’ 268, 269 
proton recoil, 272-280 
threshold foils, 285 
threshold reactions, 270, 271, 283, 293 
Feedback amplifiers, 335, 358-360 
Ferrous sulfate dosimeter, 240-245 
dose-rate calculation, 241 
radiation chemistry of, 243, 244 
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Ferrous sulfate dosimeter, yield of, 241, 
243 
Field tubes, 77 
Figure of merit of photocathode, 164, 165 
Fission induced by neutrons, 29 
Fission chambers, 269-272 
construction of, 271, 272 
high-efficiency-type, 271 
threshold-type, 270 
Fission fragments, general properties of, 1, 
13 
ranges of, 14 
Flow-counters, 143, 152-160 
alpha counting by, 155-158 
four-x geometry, 158, 159 
low-geometry, 157 
two-r geometry, 152-156 
Foil detectors (see Neutron-activation 
detectors) 
Four-x counter, 158, 159 
Franck-Condon principle, 167, 168 
Frisch grid chamber ( see Gridded 
chamber) 
Full-energy peak, 202, 203 


Gamma-compensated neutron detectors, 
266-268, 279, 280 
Gamma ray detection, by G-M tubes, 
136-141 
by ionization chambers, 86—97 
by scintillators, 189-193 
(See also Dosimeter, gamma) 
Gamma rays, absorption of, 20-28 
Compton scattering, 21, 24 
pair production, 21, 28 
photoelectric effect, 20, 23 
absorption coefficients, 21-28 
narrow-beam coefficient, 21 
total, 22 
of various materials, 23-27 
half thickness, 22 
mean range, 22 
production of, 20 
spectra determination by scintillators, 
199 
Gas-filled detectors, 43-46 
Gas multiplication, 43—45, 121-123, 
149-151 
as function of voltage, 150 
Gaseous scintillators, 171, 172, 193 
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Gaussian distribution, 56-58 
Geiger-Miiller (G-M) region, 45 
G-M tubes, 43, 46, 115-144 
bell-type, 128-136 
counting-rate characteristic of, 120, 121 
counting system for, 125 
dead time in, 126, 127 
discharge, quenching of, 123, 124 
end-window-type, 128-136 
for gamma and X-ray detection, 136— 
143 
intrinsic efficiency of, 137-139 
geometry factor of, 128, 141 
high-efficiency tube, 141, 142 
input circuit for, 117 
with internal sources, 143 
mean-level-type, 142 
needle-type, 145 
over-all efficiency, for betas, 128-136 
for gammas, 136-141 
parallel-plate-type, 144, 145 
photosensitive-type, 143, 144 
production of discharge, 121 
pulse shape of, 118, 119 
quenched, halogen, 123 
organic, 123 
resolving time of, 125, 126 
schematic drawings of, 116 
for soft X-rays, 142 
use of, in survey meters, 138, 140 
energy dependence of, 140 
windows and walls, table of transmission 


through, 128 
Geometry factor, for cylindrical G-M tube, 
141 


for end-window G-M tube, 128-130 
low-geometry arrangement, 157 
in windowless flow counter, 156 
Germanium used for neutron detection, 
230 
Green’s reciprocation theorem, 104 
Gridded chamber, applications of, 108-111 
schematic diagram, 107 
Guard rings, to define sensitive volume, 77, 
87 
for ionization chamber, 71 
reduction of insulator leakage, 75-77 


Half-thickness, gamma rays, 22 
High-voltage electrode, 71 
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“Hornyak buttons,” 299-301 
Hurst counter, 276-278 
energy response of, 278 
Hydrogen, neutron cross section of, 33 


Indium, neutron cross section of, 34, 35 
Indium foil, neutron detection by, 289-292 
cadmium correction factor, 290 
flux-depression correction, 289 
Induced charge, calculation of, 103-107 
effect on pulse shape, 101-103 
Inelastic scattering, 29 
Inorganic crystals as scintillators (see 
Scintillation process) 
Input circuits, equivalent of, 319, 320 
for G-M tube, 117, 118 
for proportional counter, 319 
for scintillation detector, 319 
Input pulse, rise time of, 320-322, 327-329 
Insulators, desiccants for, 76 
for ionization chambers, 75-78 
leakage, 75-77 
reduction by guard rings, 75, 77 
along surface, 76 
stress currents in, 76 
Integrating-type detection systems, 63, 
83-85 
Integration time constant, 326-328 
Integrator tube, 142, 143 
Internal sources, 143, 152-160 
International Committee on Radiological 
Units, 86 
Intrinsic efficiency (see Efficiency) 
Ion chamber, compensated, 266-268, 279- 
281 
Ion pulse chambers, 105, 106 
Ionization, Bragg curve of, 5 
specific, 5, 16 
Ionization chamber, accuracy of, 63, 64 
air wall, 87-89 
background currents in, 78 
beta-gamma survey, 92-94 
condenser-type, 52, 85, 89-92 
current flow in, 71-74 
loss, from diffusion, 72, 73 
from recombination, 72 
current-type, 43, 81-83 
current-voltage characteristics, 73 
cylindrical, pulse shape in, 108, 118-120 
dynamic response of, 81, 82 
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Ionization chamber, energy dependence 

of, 91-94 

gridded, 107-111 

guard ring for, 71, 77 

insulators for, 75, 76 

integrating-type, 83-85, 89-92 

Neher-White-type, 93, 94, 362 
logarithmic response of, 94 

neutron, electrical compensation, 268 
gamma-compensated, 266-268 

parallel-plate, pulse shape in, 104-108 

pulse-type, 101-112 
applications of, 108-112 
collection time in, 103 

for radioactive gases, 73, 100 

schematic diagram, 51 

sensitive volume of, 71 

for specific-ionization measurements, 

109-112 

standard, free-air, 87-89 

tissue-equivalent, 99 

using boron-10, 265-269 

Ions, formation of, 68 
mobility of, 69 


Klein and Nishina calculation, 26, 27 


Latent images, 211 
Lauritsen electroscope, 84, 92 
Light pipes, 178, 179 
Lindemann electrometer, 79, 80, 92 
Linear absorption coefficient, 21 
Linear amplifier, circuits for, 334-340 
complete circuit of, 338-340 
equivalent circuit of, 326 
noise (see Noise) 
preamplifier for, 333, 339 
requirements for, 332-334 
Linearity of amplifiers, 333 
Liquid scintillator (see Scintillator, 
liquid) 
Lithium-10 reaction for neutron detection, 
296, 297 
Log-n meters, 365-368 
Log-n-period meter, 366-368 
Logarithmic amplifier, 362-365 
Logarithmic diode, 362-365 
Logarithmic instruments, Neher-White 
chamber, 94, 362 
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Logarithmic response, 362-366 
“Long counter,” 268, 269 


Mass-absorption coefficient, 22 
Maxwell-Boltzmann distribution law, 39 
Mean free path of electrons, 67 
Mean-level detection systems, accuracy of, 
63-65 
general, 43, 51, 52 
(See also Ionization chambers) 
Mean range, 22, 31, 264 
Medical scintillation spectrometer, 204 
Microcalorimeters, 250, 251 
Microscopes for studying nuclear 
emulsions, 217 
Mobility, of electrons, 67, 68 
of ions, 69 
Moderators, properties of, 38-40, 289 
Mounting for scintillator, 174-176 
Multiple counts, 129, 134 
Multiplication, electrons, 236, 237 
gas (see Gas multiplication) 


Negative-ion formation, 68 
Neher-White ionization chamber instru- 
ment, 63, 362 
Neutrino, study of, by organic scintil- 
lators, 207 
Neutron-activation detectors, advantages 
of, 281, 282 
cadmium-difference method, 286-288 
cadmium ratio, 281 
for epithermal neutrons, 281, 292 
foil method, 285-292 
perturbation by, 287, 288 
use of indium foils, 289-292 
materials for, 283-285 
sensitivity of, 281, 290, 293 
Szilard-Chalmers reaction, 294 
thermal and resonance, 284-290 
table of properties, 284 
threshold detectors, effective threshold 
of, 285, 292, 293 
table of properties, 285 
use of, to determine spectra, 292, 293 
Neutron cross sections, 29-39 
energy dependence of, 32-38 
of various materials, 33-38 
(See also Cross section) 
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Neutron detection, by BF; counters, 261- 
263, 268-269 
by boron-lined counters, 263-268 
by fission process, 269-272 
gamma-compensated ion chambers, 
266-268 
by germanium, 230 
important processes for, 259 
by “long counters,” 268, 269 
by (n, a) reaction, 259, 294-298, 307, 
308 
by (n, y) reaction, 301-303 
by nuclear emulsions, 304, 307 
by parallel-circular plate chamber, 265 
by proton recoil, 272-281, 296 
by scintillators, 195, 294-303 
by thermopiles, 307-309 
Neutron dosimetry, 245, 253, 313, 314 
Neutron energy measurements (see 
Spectrometer, neutrons) 
Neutron flux, differential, 32 
total, 32, 261 
Neutron-flux-dose-rate curve, 314 
Neutron-flux measurements, absolute, 
309-313 
by activation, 282-294 
by counter telescope, 313 
by nuclear emulsions, 306, 307 
by proton-recoil pulse chamber, 276 
in “standard pile,’ 311 
Neutron monitoring, 313-315 
Neutron scintillators, crystal-sphere, 302 
by (n, a) processes, 296-298 
by (n, y) process, 301-303 
by proton-recoil processes, 296 
“Hornyak buttons,’’ 299-301 
using ZnS(Ag) phosphor mixtures, 298- 
299 
Neutron source, calibration of, 309, 310 
space integration, 310 
Neutron spectra determination by foil 
technique, 292, 293 
Neutron spectrometer, 303-306 
nuclear-plate camera, 305 
Neutrons, absorption of, 32 
epithermal (see Epithermal neutrons) 
interactions with matter, 29 
reaction rate due to, 31, 39 
slowing down of, 38 
thermal, 39 
Nitrous oxide dosimeter, 346, 347 
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Noise, amplifier, equivalent charge, 331 
signal-noise ratio, 332 
sources, 330 
Nonpulse-type detectors (see Mean-level 
detection systems) 
Nuclear emulsions, for alpha detection, 
213, 214, 222 
boron-10 loaded, 307 
commercial, characteristics of, 214, 215 
for cosmic-ray research, 222 
delta rays in, 221 
description of techniques, 211, 224 
developing of, 215, 216 
grain counting, 117, 219, 220 
grain density, 219-221 
grain sizes, 213 
latent images in, 211 
microscopes for use with, 217 
for neutron detection, 304, 307 
for neutron-flux measurements, 306, 307 
processing of, 215, 216 
range-energy relationships, 213-218 
sensitivity of, 212-214 
sensitizers for, 213 
shrinkage of, 216, 217 
stopping power of, 212 
use in autoradiography, 222 
Nuclear-plate camera, 222, 305 
Nuclear radiation, chemical effects of, 
237-247 
in ferrous sulfate, 243, 244 
in nitrous oxide, 246 
in water, 238, 245, 246 
sources of, 1 
Nuclear-radiation characteristics, 1 
Nuclear stars, 222 


Ohmart cell, dependence on radiation 
intensity, 101, 102 
description of, 101 
Organics as scintillators (see Scintillation 
process) 
Over-all efficiency (see Efficiency) 


Pair production, absorption of gamma rays 
by, 21, 22, 26-28 

Pair spectrometer, 204 

Parallel-circular-plate ionization chamber, 
265, 266 
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Parallel-plate chamber, 104-108 
Period meters, 365-368 
block diagram of, 367 
circuit diagram of, 368 
Perturbations produced by foils, 287 
Photocathode, figure of merit, 164, 165 
materials for, 181 
sensitivity, spectral dependence of, 181, 
182 
Photoelectric effect, absorption of gamma 
rays by, 20, 23, 24 
in photocathodes, 180-181 
in scintillation spectroscopy, 201-204 
Photographic film, for beta-ray dosimetry, 
223 
for gamma dosimetry, 222, 223 
for neutron dosimetry, 223, 224, 314 
Photomultiplier tube, circuit for, 188, 319 
commercial types, 187 
current amplification by, 183 
description of, 179-184 
dynodes, 179, 180, 182-184 
box-type, 184 
circular-type, 184 
multiplication in, 179, 183 
photocathode (see Photocathode) 
photograph of, 180, 181 
pulse-height resolution, 184-186 
schematic diagram of, 180-181 
time resolution in, 186 
use of, in logarithmic amplifier, 365 
Pile-up of pulses, 324, 325 
Plateaus, in counting-rate characteristic, 
49 
in G-M tubes, 120, 124, 145 
in halogen-quenched tubes, 124 
in proportional counter, 153, 154 
(See also Counting-rate-high-voltage 
curves) 
Poisson distribution, 57, 185 
Positive-ion sheath, in G-M tube, 118, 
119, 123, 126 
in proportional counter, 151 
Preamplifier, 47, 48, 333, 339 
Probable error, 58 
Proportional counter, for beta-energy 
measurements, 159, 160 
for counting soft betas, 159, 160 
as gas-flow counters, 152-159 
input circuit for, 319 
for neutron detection, 159, 261-281 
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Proportional counter, plateau for, 153, 154 
principles of operation, 43, 45, 46, 149- 
152 
pulse shape in, 151, 319, 321 
resolving times in, 151 
(See also Flow counters) 
Proportionality, region of, 44, 45 
Proton recoil, in counter telescope, 313 
for neutron detection, 272-281, 296, 
299-301 
in neutron spectrometers, 303-306 
in nuclear emulsions, 304-307 
pulse chamber, 273-278 
for neutron dosimeter, 276-278 
neutron-flux determination by, 277 
in scintillators, 295, 299-302 
use of, in mean-level ionization cham- 
bers, 278-280 
Proton-recoil ionization chambers, 
278-280 
for absolute flux measurement, 280 
gamma compensation for, 279-281 
Protons, recoil ranges of, 275 
Pulse amplifier (see Linear amplifier) 
Pulse decay time, 323 
Pulse delay time, 323 
Pulse height, dependence on position of 
ionization, 106 
differential distribution curves, 49, 201, 
202 
integral distribution curves, 49 
Pulse-height analysis, to determine beta 
energies, 160, 204, 205 
in gamma-ray scintillation spectrom- 
eters, 201, 202 
Pulse-height analyzer, 49, 50, 344 
Pulse-height resolution, 184-186 
Pulse input signal, 318-322 
Pulse pile-up, 324, 325 
Pulse rise time, 323, 327 
Pulse shape, dependence on charge collec- 
tion, 101-108 
effect on pile-up, 325 
in electron chamber, 106, 320 
in ionization chamber, 101-106 
in proportional counter, 151, 320 
requirements, for counting, 324, 325 
for energy measurements, 325, 326 
in scintillation detector, 321, 322 
Pulse shaping, by delay line, 329, 330 
methods of, 326-330 
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Pulse shaping, requirements for, 322-326 Resolving time, in Geiger-Miiller tubes, 


by univibrator, 341 
Pulse-type detectors, 45 
Pulse-type ionization chambers, 101-111 


Quenching of discharge, 122-124 


Rad, 86, 239 
Radiation absorption (see Absorption, of 
radiation) 
Radiophotoluminescence, 248 
Radium, gamma-ray spectra of, 97 
Range-energy curve, for electrons, 18 
for nuclear emulsions, 218 
Ranges, of alpha particles, in air, 7, 8 
in various substances, 8-10 
of deuterons in air, 12 
of electrons, 17, 18 
of fission products, 12-14 
mean, gamma rays, 22 
neutrons, 31, 264 
of recoil protons, 275 
scaling law for, 10-12 
Rate-of-drift method, 83, 361 
Rate-type detection systems, 51, 63 
Ratio, cadmium, 291 
Reaction rate due to neutrons, 31, 39, 260, 
261, 282 
Reactor instrumentation, 364, 369 
Recoil electrons, 21, 24-26 
Recoil protons, ranges of, 275 
(See also Proton recoil) 
Recombination, columnar, effect on 
saturation current, 74 
Recombination coefficients, 68, 69 
Recombination losses, 72-74 
Reflection of light in scintillator, 176, 177 
Rejection of data, 61 
Rem (roentgen-equivalent-man) unit, 313 
Rep (roentgen-equivalent-physical) unit, 
87 
Resistors for electrometers, 78, 79 
Resolution, pulse-height, 184-186 
of scintillation spectrometer, 201 
Resolution time, 186, 199 
Resolving time, of coincidence circuit, 50, 
51, 354-358 
of counting system, 48, 49, 322, 324 
determination of, 126 


125, 127 
in proportional counter, 151, 152 
in scintillation counter, 198-199 
Resonance absorption integral, 291 
Resonance activation integral, 284, 291 
Resonance neutron measurements, 291, 
292, 303 
Response, logarithmic, 94, 362-365 
Roentgen, 86 
Roentgen-equivalent-man (rem) unit, 313 
Roentgen-equivalent-physical (rep) unit, 
87 


Saturation current, in ionization chamber, 
71, 74 
loss, due to diffusion, 72, 73 
from recombination, 72-74 
Scale-of-2 stages, 48, 344-348 
Scaler, 48 
Scaling circuits, decade counter tubes, 
347-348 
fast scalers, 346, 347 
scale-of-2, 344-346 
scale-of-10, 346-349 
Scaling laws for ranges of similar particles, 
10-12 
Scattering, Compton (see Compton 
scattering) 
of neutrons, elastic, 29 
inelastic, 29 
(See also Backscattering of betas; Back- 
scattering factors) 
Schmitt discriminators, 342-344 
Scintillation detectors, for alpha particles, 
189 
applications of, 188-208 
block diagram of, 163 
circuit for, 188, 319 
crystal-sphere, 302 
dead time of, 198 
dependence on tube voltage, 196 
for dosimetry, 207, 208 
for electrons, 193-195 
for gamma rays, 189-193 
input circuit for, 188, 319 
measurements of very high-energy 
particles, 205, 206 
for neutrons, 195, 294-303 
principles of, 46, 162-165 
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Scintillation detectors, regulation of pow- 
er supplies, 197 
resolving time of, 198, 199 
for short-half-life measurements, 206, 
207 
(See also Spectrometer) 
Scintillation process, in gases, 171, 172, 
193 
in inorganics, 170, 171 
in organic crystals, 167, 168 
in organic liquids, 168-170 
in organic solids, 170 
Scintillators, collection of light from, 174, 
179 
comparison of various types, 172, 173 
conversion efficiency of, 164-166, 172- 
174, 182 
decay time of, 166, 172, 198 
definition of, 164, 165 
dependence of, on energy, 173, 174 
on wavelength, 182 
table of relative values, 166 
of various materials, 166, 172 
gaseous-type, 171, 172 
inorganic, 170, 171 
intrinsic efficiency of (see Efficiency) 
light pipes for, 178, 179 
liquid, 168-170, 194, 195, 207 
for electron counting, 194, 195 
large-volume applications, 207 
mounting of, 174-178 
neutron (see Neutron scintillators) 
for neutron detection, 195, 294-303 
organic, 167-170 
reflection of light in, 176, 177 
table of properties, 165 
trapped light in, 177 
types of, 165 
use of, in spectrometers, 199-205 
with threshold dectectors, 293 
time resolution in, 198, 199 
transparency of, 164, 176 
Screen-wall counter, 143 
Secondary electrons, 20-28, 179-181 
emission of, 179-181 
Self-absorption (see Absorption) 
Self-quenching counters, 122-125 
halogen-quenched, 124 
organic-quenched, 123, 124 
Sensitive volume, defined by guard rings, 
77, 88 
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Sensitive volume, in G-M tube, 129, 134, 
135 
in ion chamber, 71-73, 88 
Sensitivity, of boron-10 neutron detectors, 
262 
of current-type boron-10 chamber, 265 
of nuclear emulsions, 212-214 
of photocathode, 164, 181, 182 
of proton-recoil neutron detector, 274, 
275 
Sensitizers, 213 
Silver-activated phosphate glass, 247, 248 
Slope of G-M-tube plateau, 121, 124 
Sodium iodide, gamma absorption coef- 
ficients, 189, 190 
Sodium iodide crystals, for gamma-ray 
detection, 189-193 
for gamma-ray spectrometers, 201-203 
intrinsic efficiency of, 190-193 
Source activity, alphas, determined by 
flow counter, 155-158 
beta, determination of, absolute, 135, 
159 
by four-x counter, 159 
by G-M tube, 135 
relative, 135 
neutrons, 309, 310 
determination by ‘‘space integra- 
tion,’’ 310 
Specific energy loss, 4 
Specific ionization, 5, 16 
Spectral sensitivity of photocathodes, 164, 
181, 182 
Spectrometer, alpha particles, 108-111 
beta-ray, 159, 160, 204, 205 
gamma, 201-205 
pair-type, 204 
total-absorption, 203 
two-crystal-type, 203 
neutrons, foil-type, 292, 293 
lithium-6 (n, a) reaction, 306 
nuclear-plate camera, 305, 306 
proton-recoil-type, 303-306 
scintillation-type, 303, 304 
two-crystal-type, 303 
resolution of, 199 
scintillator-type, block diagram of, 200 
for gammas, 201-205 
Spheres, scintillators for neutron detec- 
tion, 302 
Standard deviation, 55-58 
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“Standard pile,’’ 311 
Starting voltage for G-M tube, 120 
Statistical errors, 58-64 
Statistical fluctuations in counting rates, 
54, 61, 62, 322 
Stilbene, 173 
Stopping number, 3 
Stopping power, for alphas, 3, 10 
for electrons, table, 98 
of nuclear emulsions, 212 
relative, linear, 9 
mass, 9, 85, 239 
Survey meters, for alphas, 100 
for betas, 99 
for gammas, 92-94 
using G-M tubes, 138-140 
energy response of, 139, 140 
Szilard-Chalmers reaction, 294 


Tests for counting equipment, 61, 62 
Thermal-flux measurements, neutrons, 
absolute, 310-312 
relationship to source strength, 312 
Thermal neutrons, detection of (see Neu- 
tron detection) 
Maxwell-Boltzmann distribution law 
for, 39, 260 
Thermopile, neutron-sensitive, 307-309 
Thimble chamber, 88-90 
Threshold, effective, 285, 292, 293 . 
Threshold detectors, based on scintillators, 
293 
fission-type, 270 
table of, 284 
Threshold foils for neutron spectroscopy, 
292, 293 
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Time, resolution, 186, 199 
resolving (see Resolving time) 
Time constant, differentiation, 326, 327 
integration, 326, 327 
of rate meter, 81, 82 
Tissue-equivalent ionization chambers, 9¢ 
Total-absorption gamma_ spectrometer, 
203 
Townsend avalanche, 122 
Transmission of betas through windows, 
128 
Transmutations, neutron-induced, 259 
Trapped light in scintillator, 177 
Trigger circuits, 340 
True average, 53 
True counting rate, 53 
Twin ionization chambers, 280, 281 
Two-crystal spectrometer, neutrons, 303 
Two-source dead-time determination, 126, 
127 


Univibrator, 341 


Vibrating-capacitance electrometer, 81, 
82, 360-362 


Water, irradiation of, 238 
Wavelength shifter, 169, 172 


X rays, bremsstrahlung, 16, 17, 20 
production of, 20 
(See also Gamma rays) 


Zinc sulfide, 166, 189, 297-300 
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